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The aim of the project is to utilise fly ash (PFA), a waste material / industrial by- 
product, with metakaolin (MK), as a partial replacement for Portland cement (PC) in 
mortar and paste. The influence of various compositions of MK-PFA-PC blends on the 
resistance to the action of sulphate and synthetic seawater solutions, setting time and 
heat of hydration will be examined. MK is calcinated clay and is a relatively new 
pozzolanic material. Although it is a very effective pozzolan it is also very expensive. 
Using FA, which is a much less expensive material, as a PC replacement material, is 
problematic, as there is slow and low early strength development whereas MK enhances 
early strength development. Combining these materials in ternary blends should 
therefore produce a high performance material at an acceptable cost for use as a 
pozzolan. However the properties and performance of such a material still need to be 
fully established.
The results of the research show, for the initial and final setting time of binary MK-PC 
pastes there is a substantial increase at 5% MK and then decreases at 10 and 15% MK 
before increasing again at 20% MK replacement level. However, with PFA there are 
different trends to those observed when using MK alone. The initial and final setting 
time of binary PFA-PC pastes shows a slight increase at 10% PFA and then 
systematically increases with increase in PFA content up to 40% PFA. Evaluation of 
sample preparation for porosimetry found that, overall, the compression tested samples 
show a lower proportion of 'fine pores' (volume (%) 0.05) jam than the cored and cut 
paste disks. It is deducted that this is due to the widespread microcracking during 
failure of the cubes under compressive loading thus modifying the pore structure 
present in the compressive tested samples. In strength development of mortar there is 
very little advantage in using MK over binary PFA-PC mortar blends when exposed to 
sulphate solution for up to 2 years. The strength behaviour in seawater is however quite 
different from that observed in mortar exposed to sulphate solution. As the MK 
replacement levels increase relative to the PFA levels the resistance to seawater attack 
improves significantly. In mortar exposed to sulphate solution the durability is greatly 
improved at high replacement levels in both binary and ternary blends. The durability 
of mortar exposed to seawater is greatly improved at 30 and 40% total replacement in 
ternary blended mortars.
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CHAPTER 1: INTRODUCTION
1.1 Field of study
As we enter a new century, the United Kingdom Government has pledged to put 
sustainable development "at the heart of all its policies" (A Way with Waste, 1999). 
Sustainable development first came to light at the Earth Summit in Rio de Janeiro, 
1992. A definition of Sustainability is "Sustainable development is the development 
that meets the needs of the present without compromising the ability of future 
generations to meet their own needs'" (Our Common Future, 1987). The United 
Kingdom Government's aim is to protect and improve the environment. The resulting 
actions would produce a number of benefits, such as economic growth, with more 
efficient use of resources and with improved energy efficiency of buildings. Also the 
reduction of fossil fuels and of the limestone used in the manufacture of cement would 
reduce the emission of greenhouse gases responsible for global warming. New 
initiatives to finance sustainable development are being funded by taxes being placed on 
polluting processes, for example the landfilling of waste materials/industrial by­ 
products.
Presently waste materials/industrial by-products are predominantly landfilled in the 
United Kingdom this being the only viable financial option open for their disposal. 
Legislative pressure from Europe has moved the management of waste away from 
disposal (by increasing its costs) towards re-use and re-cycling of materials. The United 
Kingdom Government would like, by 2005, to reduce the amount of industrial and 
commercial waste landfilled to 85% of 1998 level (Waste Strategy 2000 for England 
and Wales, 2000). To contribute to achieving this goal increased amounts of waste 
materials/industrial by-products could be used as a partial replacement for cement.
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Such materials include granulated blastfurnace slag (Jones and Magee, 2002), ground 
clay brick (O'Farrell, et al, 200la), waste fluidized bed cracking catalyst (Pacewska, et 
al., 2002), fly ash (Torii, et al., 1995), waste oil sand fine tailings (Wong, et al., 2004) 
and metakaolin (Ambroise, et al., 1994).
Cement is the largest manufacturing source of CO2 , and cement production is rising 5 
percent per year globally (Pearce, 1997). Davidovits indicated that cement would be 
responsible for a tenth of global CO2 emissions by 2000 (Pearce, 1997). Cement 
production has environmental impacts; firstly it is estimated that for every tonne of 
cement produced, one tonne of CO2 is emitted into the atmosphere (Pearce, 1997). 
Secondly the quarrying of raw materials, used in cement production, can damage fragile 
eco-systems that do not recover, due to the loss of strata. Currently annual U.K. cement 
production is of the order of 15 x 106 tonnes; if, on average, waste materials/industrial 
by-products, such as fly ash (FA), replaced 20% of this, some 3 x 106 tonnes would be 
directed away from landfill (Glasser, 1996). For example fifty percent of the FA 
produced throughout the world is stockpiled/landfilled as waste. In the UK 50% is 
placed in long-term storage (~ 3 million tonnes) and 41% is used for cementitious 
purposes including 14% as direct replacement in concrete (Sear, 2002). Parrott, et al., 
(2000) has suggested that blending Portland cement (PC) with 30% FA would, in 
comparison with an equivalent strength PC, reduce CO2 emissions by 17% and primary 
energy requirements by 14%. There are also numerous other waste/by-products that 
could contribute in the same manner. The utilisation of waste materials/industrial by­ 
products as partial replacement of cement in concrete and mortar can reduce 
manufacturing costs and improve the strength and durability of concrete products 
(Bijen, 1996; Khatib, et al., 1996). Two materials that could in combination be utilised
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to great effect as partial replacement of cement in mortar and concrete are metakaolin 
(MK) and pulverised fuel ash (PFA).
1.2 Scope of this study
MK is calcined clay and is a relatively new pozzolanic material. Its effects on the 
properties of mortar have only been established over the last ten years. Although it is a 
very effective pozzolan it is also very expensive (Palomo, et al., 1999). Using PFA, 
which is a much less expensive material, as a PC replacement material, can be 
problematic, as there is slow and low early strength development (Abdun-Nur, 1961) 
whereas MK enhances early strength development (Wild, et al., 1996). It has been 
shown that high performance concrete can be produced by combining these materials in 
ternary blends at an acceptable cost for use as a pozzolan (Bai, et al., 1999, 2000, 2002b 
and 2003). Evidence suggests that blended MK-PFA-PC binders in concrete and mortar 
also improve durability performance (Ellis, et al., 1991) and chemical resistance (Roy, 
etal.,2001).
The present research into blended MK-PFA-PC binders in mortar and paste is a 
development and extension of recent work conducted by the Building Materials 
Research Unit at the University of Glamorgan (Bai, et al., 1999, 2000, 2002a, 2002b 
and 2003). The previous research investigated the effects of various combinations of 
MK and PFA as blends with Portland cement on concrete properties and established 
their effectiveness in producing high performance concrete. The current study utilises 
twenty-one compositions of binary and ternary blended MK-PFA-PC binders in mortar 
and paste with six curing times of 28, 90, 180, 365, 548 and 730 days. The aims and 
objectives are to extend current knowledge with respect to the performance and 
properties of mortar and paste containing MK-PFA-PC blends. In particular, setting
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times of binary and ternary paste compositions will be determined and correlated with 
early hydration using calorimetry. Sulphate resistance and resistance to seawater attack 
of binary and ternary mortars will be determined and correlated with pore structure 
using mercury porosimetry and sorptivity measurements. Also the effect of reducing 
the particle size of PFA (by grinding) on the performance of PFA as a cement 
replacement will be established. The research described in the current thesis is 
supported by the EPSRC.
1.3 Aims and objectives
The general aim of the project is to establish the influence of the composition of ternary 
MK-PFA-PC blends on hydration, pore development and chemical resistance of paste 
and mortar. 
The specific objectives are:
To determine consistency and setting times of pastes of various compositions;
To characterise the hydration of MK-PFA-PC blends by monitoring heat changes using
conduction calorimetry;
To follow the cementitious process during the setting and hardening of the hydrating
blends by monitoring the changes in pore structure during hydration;
To relate compressive strength developments of mortar cured in different aggressive
environments to the durability of different blend compositions and to the development
of their pore structure.
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1.4 Programme of research
To achieve these objectives the programme of work is phased in two stages:
In stage one standard consistence and setting times will be determined (BS EN 196-3: 
1995) with different MK-PFA-PC blends. Optimum grinding time to produce a fine 
PFA will be established using a particle analyser. Mortar and paste specimens will be 
prepared for durability and strength development investigations;
In stage two strength development and resistance to aggressive environments of mortar 
and paste samples exposed for periods of up to 24 months will be determined. The 
performance of the pastes and mortars will be related to hydration and heat evolution 
(using Calorimetry) and pore volume and changes in pore structure (using sorptivity 
measurements and porosimetry).
1.5 Outline of thesis
Each chapter in this thesis describes and discusses specific topics relevant to this study. 
Chapter one gives the general aims, specific objectives, originality of work and outlines 
the programme of study. Chapter two critically reviews and discusses related literature 
on the performance and properties of PC, PFA and MK blended concrete and mortar. 
This chapter will highlight the gaps within the existing knowledge to justify the present 
research. Chapter three gives details of materials used for the investigation and 
describes the experimental work. Chapters four and five present and discuss the results 
of the experimental work, with a summation given in chapter six. A summary of the 
conclusions drawn on the basis of the work is given in chapter seven with 
recommendations for future work.
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CHAPTER 2: LITERATURE REVIEW
2.1 Introduction
Concrete is a very ancient invention with one of the earliest known examples being a 
hut floor in Yugoslavia circa 5600 BC (Wild, 2003). This concrete consisted of a 
mixture of red lime as a binder, plus sand and gravel. The Egyptians used cement in 
construction but tended to use burnt gypsum rather than lime. For example the Great 
Pyramid at Giza contains mortar for binding of the stone masonry (Wild, 2003). The 
Greeks and particularly Romans used calcined limestone and developed a cementitious 
material by adding sand, crushed tiles and water (Neville, 1995). Lime mortar does not 
harden when submersed in water so the Romans used a ground volcanic ash, crushed 
clay tiles and lime to produce a material that hardened in water. This cementitious 
material was named after the village of Pozzuoli, near Vesuvius where it originated and 
any material which reacts with lime in the presence of water to produce cementitious 
products is now known as a pozzolanic material (Neville, 1995). Numerous Roman 
concrete structures using pozzolanic binders are still in existence today, such as the 
Colosseum in Rome built in 80 AD and the Theatre at Pompeii built in 75 BC (Wild, 
2003).
In 1824 a patent was filed by the inventor, Joseph Aspdin from Wakefield, for a new 
type of cement called Portland cement, which was to revolutionise the future of 
construction across the world (Wild, 2003). The name Portland was applied because it 
was thought to resemble the colour of Portland stone. Cement was produced by mixing 
together clay and lime, heated to very high temperatures and the resultant product was 
ground to a fine powder. This powder only requires the addition of water for it to set 
and harden, no added lime was required. Cement, in the general sense of the word, can
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be described as a material with adhesive and cohesive properties which make it capable 
of bonding mineral fragments into a compact whole (Neville, 1995). Cement is mixed 
with sand, with the addition of water, to produce mortar, and aggregate, to produce 
concrete. Mortar and concrete are the most extensively used construction materials in 
the world (for example in bridges, roads, harbour walls, sea defences, office buildings 
and residential dwellings) with about six billion tonnes being produced annually (Sabir, 
etal.,2001).
Cement production causes environmental damage, with 1 tonne of manufactured cement 
resulting in the emission of 1 tonne of COi to the atmosphere thus increasing global 
warming (Wild, 2003). This high ratio, of CC>2 output to product output, is due not only 
to the fact that cement production is energy intensive but the limestone, which 
comprises 70% of the raw materials required, is broken down to COi and quicklime 
during manufacture (Wild, 2003). In addition the noise and dust associated with 
quarrying of limestone and transportation causes damage to the countryside with loss of 
habitat for plants and animals. How can the construction industries move towards more 
sustainable development in the future? The following procedures would help to achieve 
this goal:
1. Reduce the amount of Portland cement required to produce mortar and concrete, 
by substituting it with other materials, particularly waste. Examples include 
waste materials generated from the electricity generating industry (i.e. 
pulverised fuel ash (PFA)), from the steel industry and other metal producing 
industries (i.e. ground granulated blastfurnace slag (GGBS) and condensed silica 
fume (CSF)), and from the recycled paper industry (i.e. incinerated wastepaper 
sludge) (Wild, 2003):
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2. Recycle and reuse construction waste materials on site. Examples include 
concrete granulate used in road foundations and masonry granulate used as an 
alternative for river gravel (Bijen, 1996) and:
3. Produce improved cemented construction materials that have better durability 
thus increasing life spans of the products. Examples include the Great Belt 
Crossing joining the Danish islands of Funen and Zealand i.e. constructed from 
concrete with a binder comprising supplementary cementing materials (FA, SF) 
designed to have very low permeability to chloride ingress (Wild, 2003). Also 
FA-PC blended (ranging from 25% to 45% FA) concrete which was exposed to 
sulphate solution for 40 years and resulted in a significant improvement in 
sulphate resistance (PC expanded about 0.40% while 25% and 41.7% FA-PC 
blends only expanded 0.15%) (Monteiro and Kurtis, 2003).
The current research focuses on the first and third procedures. Two pozzolanic 
materials are used in the current research project, PFA and MK, as binary and ternary 
partial replacement binders with Portland cement. MK is made by heating China clay to 
between 700 and 800 °C, a temperature that is half of that required to manufacture 
cement, hence emitting much less COi to the atmosphere in its production. MK is an 
active pozzolan which enhances the performance of mortar and concrete when used to 
partly replace the Portland cement as binder. It has been shown that within 14 days of 
casting, metakaolin concrete strengths can increase by as much as 40% (Wild, et al., 
1996). The CH content of the binder is reduced (Wild, et al., 1997) and the pore 
structure of the binder becomes much finer (Khatib, et al., 1996), thus less permeable to 
the intrusion of sulphate ions (Khatib and Wild, 1998). These advantages are offset by 
the MK being more expensive to produce than cement (although low-cost kaolins are
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available as, for example, waste oil-sand fine tailings) and the MK-PC concrete in its 
plastic state is made much less workable (Wild, 2003) due to the high surface area of 
MK (50 times that of FA) which increases water demand. Superplasticizer could be 
used to improve the workability of the MK-PC concrete. However the use of 
Superplasticizer was avoided in order to limit the number of different variables even 
though there is no evidence to show that superplasticizers have an adverse effect on 
concrete (Neville, 1995).
FA has been used as a binder in concrete for over 60 years (Wild, 2003). FA improves 
the chemical resistance of concrete but impairs early strength development. Unlike MK 
it is very low cost and improves the flow properties of concrete. This is in part due to 
the spherical nature of its particles (Illston, 1994) and because of the adherence of the 
small fraction of very fine FA particles onto the cement grains which results in greater 
dispersal (Sabir, et al., 2001). FA has a relatively low surface area (typically 300-400 
m2/kg) which is reflected in its accompanying pozzolanic activity (Langan, et al., 2002). 
At normal temperatures the pozzolanic reaction is slow and does not progress to any 
significant degree until several weeks after the start of hydration (Langan, et al., 2002). 
This results in slow strength development but in the long term may result in higher 
strength development and durability. By blending MK and FA together, it appears that 
some of their desirable properties can be maximised and less desirable properties 
minimised (Bai, et al., 1999, 2000, 2002a, 2002b and 2003). This should enable 
production of an economic, high-performance and environmentally friendly 
construction material (Wild, 2003). One of the principal aims of the research is to 
establish how FA and MK together influence the performance of cement paste and 
mortar.
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In the current thesis, literature on physical properties (i.e. fineness - optimum grinding 
time to produce a fine PFA, PFA residual carbon content, setting times, heat of 
hydration, pore refinement and CH consumption, influence of the pozzolan's particle 
size on reactivity). Also literature on durability (i.e. exposure to sulphate solution and 
seawater and the associated chemical changes, with emphases on the manner in which 
pozzolans influence chemical changes and the potential resistance of MK-PFA-PC 
blends to these aggressive environments) are reviewed.
2.2 Optimum grinding time to produce a fine PFA
Pozzolans react with lime in the presence of water to form hydrated compounds having 
cementitious properties. The pozzolanic activity of pozzolans is strongly influenced by 
their specific surface. MK, as supplied, has a very large surface area (12 m2/g) and is a 
highly active pozzolan whereas PFA is much coarser and shows relatively low 
pozzolanic activity. One approach to producing a more highly active pozzolan is to 
increase its specific surface by grinding. However this may also modify the chemistry 
of the pozzolan in ways that may not be particularly advantageous.
2.2.1 Influences of grinding
Bouzoubaa, et al., (1997) found, for three ASTM Class F FAs and a PC clinker, that the 
fineness of the FA increased with an increase in the grinding time and that the increase 
became less significant beyond 2 hours grinding. In particular Paya, et al., (1995) found 
that for up to 20 minutes of grinding the mean diameter of the FA particles was 
drastically reduced (control FA at 3.62 urn reduced to 1.03 u,m at 20 minutes) but for 
longer grinding times of up to 60 minutes little further diminution of mean particle 
diameter (0.86 urn at 30 minutes to 0.57 urn at 60 minutes) was achieved. The majority 
of particles with diameters greater than 50 urn have been crushed within the first few
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minutes of grinding. The percentage of particles greater than 30 urn was negligible 
after 30 minutes of grinding. The authors reported the results of an investigation to 
compare physico-chemical characteristics of an unground and a ground Class F FA. 
Grinding was found to increase the calcium carbonate (CaCO3) content of the FA. This 
is probably due to partial combustion of carbon particles, which are in thin and very 
reactive layers, and react with oxygen and free lime.
In a study by Kiattikomol, et al., (2001) five different FAs were fractionated by an air 
classifier into fine and coarse material, with the coarse fraction of FA being ground 
using a ball mill. The investigation sought to establish whether the pozzolanic activity 
of coarse Class F FA could be improved by grinding. From the resultant material three 
different finenesses, large, medium and small (median particle size 1.9 - 17.2 urn) were 
selected. Large particle size had 20 - 25% retained on sieve No. 325 whereas the 
medium only had 5-10% retained on the sieve and the fine passed through. The 
material that passed through the sieve was again air classified into coarse and fine 
material. It has been reported that in some cases the finer FA obtained by classifying 
contains higher SOs levels and exhibits higher LOI values than the original; however, 
the authors report that classifying and grinding do not have much effect on the chemical 
composition of FA. Also the increase in LOI appeared to bear no relation to the 
increased carbon content of classified FA (Kiattikomol, et al., 2001). The authors found 
for ground coarse FA that with a particle size smaller than 9 urn, the strength activity 
index achieved was over 100% of that of the control within 28 days. The beneficial 
effect of fineness can be seen by the fact that amorphous materials have very high 
specific surface which makes them far more active than crystalline varieties (Chatterjee 
and Lahiri, 1967). Also amorphous materials (e.g. glass) tend to have a high degree of 
internal atomic disorder, in addition to the normal surface disorder, which also makes
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them more active chemically.
The following authors have also reported that the use of ground FA as a cementitious 
material for mortars and concretes results in higher strength development (Cornelissen, 
et al., 1995, Bouzoubaa, el al., 1997 & Obla, et al., 2001). Bouzoubaa, et al., (1997) 
found the highest strength activity indices (tested at 7 and 28 days) were obtained using 
FA that had been subjected to four hours of grinding, and these indices were 15 and 
27% higher than those of the original unground FA. Obla, et al., (2001) investigated the 
use of ultra fine fly ash (UFFA) to improve concrete durability. The mixes used were a 
PC control, (4%, 6% and 8%) SF-PC blends and (6%, 9% and 12%) UFFA-PC blends. 
The W/CM varied between 0.25 - 0.29 with the amount of water being adjusted to give 
a slump of 125-175 mm. Two 102 mm diameter and 203 mm high cylinders were used 
to determine the compressive strength. The UFFA is manufactured by a proprietary 
separation system that includes selective air classification, which gives a particle 
diameter in the range of 2.6 - 3.4 (am. The authors found that in general strength of 
concrete increased with increased additions of either UFFA or silica fume. At 91 days 
the UFFA concretes had produced strengths of up to 112 MPa while silica fume 
concretes produced as much as 94 MPa. At the same replacement levels the UFFA 
concrete had about 10% higher strength than the silica fume concrete.
There is general agreement by previous authors that grinding of Class F FA, to produce 
a marked reduction in FA particle size, will substantially modify the typical morphology 
of particles (Paya, et al, 1995). Previous studies show that grinding crushes the 
cenospheres and the large particles of FA resulting in higher specific gravity and 
fineness, and consequently higher pozzolanic reactivity of the FA (Bouzoubaa, el al., 
1997). Ultrafine powders improve the particle packing density of cementitious systems,
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modify their rheological properties in the fresh state and enhance their mechanical 
properties and durability (Long, et al., 2002). However reports from the various authors 
as to the degree to which grinding modifies the reactivity of FA is rather contradictory 
and further investigation is required to assess the relative performance of a ground PFA 
with respect to unground PFA in terms of their reactivity. This is one of the secondary 
objectives of this current study.
2.3 FA residual carbon content
The amount of residual carbon present in fly ash depends on the combustion efficiency 
of the furnace. Chen and Mori, (1997) looked at the carbon present in FA discharged 
from a pulverised coal combustion boiler. The authors reported that the remaining 
carbon present in larger particles was unburned semicoke (due to volatilization of part 
of the carbon particles) (Paya et al., 1998) and in the smaller particles was present as 
carbon black and pyrolytic (graphitic) carbon. Paya, et al., (1998) reported that 
Diamond, (1992) suggests in the combustion process, unburnt carbon particles are in a 
high temperature environment appropriate for melting inorganic impurities, and 
therefore embedded inorganic particles could appear on the carbon particle surfaces. 
The authors reported that the highest carbon content for fly ash fractions contained 
particles greater than 80 jj.m in diameter. The blending of FA with PC in mortars and 
concretes may make their colour appear blacker or greyer than would normally be 
expected in the PC control (Paya, et al., 1998).
Mehta, (1989) reported the results of research into the influence of the addition of 
carbon black as a cement replacement in concrete. The author found that carbon black 
cement concrete and plain cement concrete showed comparable strengths at 7 and 28 
days, even though the carbon black mixes contained 10 percent less cement. This
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phenomenon is associated with grain refinement and improved packing of the hydration 
products at the aggregate-paste boundary which compensates for the reduced cement 
content. Goldman and Bentur, (1994) studied the properties and microstructure of high 
strength concrete of similar w/b ratio in which controlled changes were induced by 
varying the type of filler (reactive SF and non-reactive carbon black particles of a 
similar range of sizes, smaller and larger than silica fume). Once the concrete was 
mixed, 0.0015 m3 of paste was removed by vibrating the mix for no more than 10 
minutes. Carbon black, three mean particle sizes (25, 73 and 330 nm), or silica fume 
was used as cement replacement in concrete and paste with the addition of a high range 
water reducing admixture (HRWRA) based on sulphonate naphthalene formaldehyde 
condensate. The w/b ratios of the model concrete mixes were 0.2, 0.3, 0.4 and 0.46). 
The content of carbon black in the paste matrix was 18% by weight of cement. The 
total aggregate content in the model concrete was 60% by absolute volume. The 
authors reported that the carbon black could cause significant changes in the paste 
matrix microstructure, but was not effective in enhancing the paste strength. (Goldman 
and Bentur, 1994). Carbon black causes the formation of a dense interfacial 
microstructure which apparently leads to effective bonding between the paste matrix 
and the aggregate (Goldman and Bentur, 1994). The strength of concrete was 
significantly higher than that of the paste matrix, depending on the microfiller particle 
size (Goldman and Bentur, 1994). The fact that carbon black when partially replacing 
PC in concrete enhances strength but has little effect on paste strength confirms that it is 
the interfacial zone that has been modified.
The water requirement of the FA-PC pastes and the rheological properties of FA-PC 
mortar and concrete are affected by carbon content because the water requirement to 
obtain a FA-PC paste of standard consistence is greater for FAs with higher carbon
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content. In general, high water requirements have been found for high-carbon-content 
fly ashes (Paya, et al, 1998). This supports later work by Lee, et al., (1999) who found 
that the carbon content in fly ash influences the paste fluidity. Lee, et al., (1999) 
investigated properties of classified fly ashes (using an electrostatic precipitator) which 
were modified by carbon removal. Nine fly ashes classified by using an electrostatic 
precipitator and modified by calcination at 500°C or treated in a plasma reactor, were 
investigated. As the carbon content decreased, by treatment in a plasma reactor or 
calcination at 500°C, the paste fluidity increased.
There is thus general agreement by previous authors that residual carbon (usually high) 
present in fly ash affects the water requirement and workability (Neville, (1995), and 
also influences strength development of FA-PC blended cementitious materials. The 
degree of the effect in FA-PC blends in paste or concrete will depend on the percentage 
of carbon present in the FA and its fineness. Carbon content of FA depends mainly on 
the efficiency of the furnace used to ignite the coal. Paya, et al., (1998) reported that the 
highest carbon content was for FA fractions containing particles greater than 80 um in 
diameter. Further investigation is required to assess the influence of residual carbon 
present in PFA and GPFA in strength development of mortar.
2.4 Hydration and setting of Portland cement
Hydration of cement is an exothermic reaction; the rate of evolution of heat is an 
indication of the rate of hydration (Neville, 1995).
2.4.1 Standard consistence and setting time
Knowledge of the setting characteristics of concrete is important in the field of concrete 
construction (Brooks, et al., 2000). It assists in the scheduling of the various stages 
involved in concrete construction operations such as transporting, placing, compacting
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and finishing of concrete. When placing concrete in formwork there are other factors to 
take into consideration apart from setting time that can cause the concrete to stiffen for 
example impact of concrete discharge, permeability / watertightness of formwork and 
plan shape of cast section (Clear and Harrison, 1985). The loss or displacement of 
water from the mix can cause the structure of the fresh concrete to change from a quasi 
liquid to relatively stiff mix with water contained within the voids (Clear and Harrison, 
1985). When water is mixed with cement various reactions occur leading to the 
formation of hydration products. These formations of hydration products cause an 
increase in stiffness of the cementitious matrix as a function of time (Naik, et al., 2001). 
The stiffening behaviour of the matrix is determined by initial and final times of setting 
(Naik, et al., 2001). The initial time of setting of the matrix refers to the beginning of 
hardening for a given mixture. At this stage concrete can neither be properly re-tamped 
nor can it be handled and placed (Naik, et al., 2001). The final setting refers to the stage 
when the mixture attains sufficient hardness to support stress (Naik, et al., 2001). Chen 
and Older, (1992) investigated 16 cement pastes made from cements of different 
laboratory-made clinker compositions and containing different amounts and forms of 
calcium sulfate. A water-cement ratio of 0.3 was used except in two pastes with 0.4 and 
0.5. The beginning and end of setting was investigated, the latter being determined by 
the Vicat method as specified in ASTM C-191 The authors found that "normal" setting 
of Portland cement is associated with C3 S and/or C3A (+C4AF) hydration and formation 
of C-S-H gel and ettringite. Ettringite formation appears to have an important function 
in cements with high C3A content. Although, during setting, the paste acquires some 
strength, for practical purposes it is important to distinguish setting from hardening, 
which refers to the gain of strength of a set cement paste (Neville, 1995).
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2.4.1.1 Influences ofpozzolans on setting times
Brooks, et al., (2000) reported initial and final setting times of concrete (test performed 
on mortar obtained by sieving freshly mixed concrete) with binary PC-FA blends as 
binder and with 10, 20 and 30% replacement of PC by a FA. In this case a sulphonated 
vinyl copolymer superplasticiser was used in the mixes and Class F FA did not exceed 
30% PC replacement. The authors observed increased retardation at increased FA 
replacement levels for initial and final setting times. As replacement level was 
increased to 30% FA, the initial and final setting times increased by a factor of 1.6 and 
1.5 respectively. At the same replacement level, the results of Eren, et al., (1995) 
showed that the initial and final setting times increased by factors of 1.28 and 1.21. One 
reason suggested by the authors for this difference in the results was the use of 
superplasticiser in their investigation. (In the current work no SP is employed with FA 
as this can influence setting times and an even higher replacement level of 40% FA is 
used). The work by Brooks supports earlier work by Carette and Malhotra, (1984) who 
found that in general, apart from one FA, all FA tested caused an increase in initial and 
final setting time of concrete. The retardation of the setting time depended upon the 
source of FA used. FA from various sources was used with the calcium oxide (CaO) 
content varying in the range of 1 to 13%. In addition Mailvaganam, et al., (1983) 
observed, when investigating setting times of ternary blended concrete made with a slag 
and FA, that concrete mixtures made at 20°C with 30% FA had extended initial setting 
times in the range of 1 to 1.75 hours. Concrete mixtures were prepared using various 
chemical admixtures at two different temperatures. Neville, (1995) suggests that the 
retarding effect, typically of about one hour, is probably caused by the release of SO4" 
present at the surface of the FA particles. Lee, et al., (1999) investigated properties of 
classified fly ashes by using an electrostatic precipitator and the modification of fly
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ashes by carbon removal. Nine fly ashes were classified by using an electrostatic 
precipitator and modified by calcination at 500°C or treated in a plasma reactor. The 
authors reported that early hydration of cement was retarded by the addition of 
superfine fly ashes.
In contrast MK has a very different effect on setting times compared to FA. Although 
there is an increase in both initial and final setting times at low MK levels, a drop at 
15% replacement was reported by Brooks, et al., (2000). This was in contrast to the 
other mineral admixture investigated (silica fume (SF), FA and ground granulated 
blastfurnace slag (GGBS)), which all showed increasing setting times with increasing 
replacement level and with higher effective superplasticiser (SP) dosage. The authors 
pointed out that the effect at around 15% MK was peculiar to the MK pozzolan and did 
not occur with SF which is also a highly active pozzolan. The initial and final setting 
times of concrete (test performed on mortar obtained by sieving freshly mixed concrete) 
with binary PC-MK blends as binder and with three (5%, 10% & 15%) replacement 
levels of PC by MK was investigated. The authors used a superplasticiser in the mixes 
based on sulphonated vinyl co-polymer. In the current work no SP was used with MK 
and an even higher replacement level of 20% MK was used. Vu, et al., (2001) 
investigated standard consistence and initial and final setting of pastes with up to 30% 
replacement of PC by calcined kaolin (K). The K was produced by heating kaolin at 
800°C for two hours. At low replacement levels of PC by MK (10% and 20%) the 
initial and final setting times are similar to that of the PC control indicating little 
retardation. Beyond this range the initial and final setting times increased by about 10 
and 15 minutes respectively (Vu, et al., 2001). The authors proposed that this was due 
to the lower cement and relatively higher water contents involved. Over the 
replacement range of 10% to 30% replacement of PC by K the w/b ratio to achieve
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standard consistence varied from 0.3 to 0.41 with the PC control at 0.25. Overall there 
is an increase in w/b ratio with increasing replacement levels of K.
There is thus general agreement in reports by previous authors that when FA replaces 
PC in binary binders there is retardation in the initial and final set of mortar and 
concrete, with greater retardation occurring at higher replacement levels. This also 
applies when MK is used as a binary binder with PC at low MK levels but reverses at 
15% replacement (Brooks, et al., 2000). This is an interesting observation as replacing 
PC with increasing levels of pozzolans increases the separation distances between PC 
particles which , assuming negligible initial pozzolanic reaction, generally has the effect 
of increasing setting times as more hydration product is required to develop a rigid 3- 
dimentional interconnected network. Further investigation is therefore required 
particularly with a >15% MK replacement level of PC and with ternary MK-PFA-PC 
blends. This is one of the elements of the current study.
2.4.2 Heat of hydration
The hydration of cementitious materials is exothermic, energy of up to 500 J/g of 
cement (120 cal/g) being liberated (Neville, 1995). Because the thermal conductivity of 
concrete is relatively low, it acts as an insulator, and in the interior of a large concrete 
mass, hydration can result in a large temperature rise. The exterior of the concrete loses 
heat so that a steep temperature gradient may be established, and during cooling of the 
concrete interior cracking may result (Neville, 1995). Knowledge of the heat-producing 
properties of different cementitious materials are required in order to choose a suitable 
cement for a given construction project.
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2.4.2.1 Influences ofpozzolans on heat ofhydration
Langan, et al., (2002) found that during the first minutes, heat of hydration tends to 
increase with the partial replacement of PC with FA as more water is available for the 
initial hydrolysis. In the dormant period (or induction period after the first peak in 
which the rate is very slow) an increase in water reduces the calcium concentration in 
the pore solution. This causes a longer dormant period because it takes longer for the 
supersaturated state to be reached. It has been suggested that FA removes calcium ions 
from the solution, depressing the concentration in the first few hours and delays the CH 
and CSH nucleation and crystallization (Langan, et al, 2002). Cabrera, et al., (1986) 
observed similar trends where C3 S and CjA (Bland and Sharp, 1991) reaction rates were 
retarded. In the following periods the increase in the availability of water may help the 
hydration process as more water can react with the newly exposed surfaces initiating the 
acceleration period. In this stage, the main hydration component is 038 (Langan, et al., 
2002). This is accomplished by the crystallization of CH from the supersaturated 
solution. The increase in heat of hydration could be attributed to the increase in the 
number of nucleation sites by FA for deposition of cement hydrates. The retarding 
effect of FA is more significant at higher w/c ratios mainly in the dormant and 
acceleration periods (Langan, et al., 2002). Lee, et al., (1999) reported an investigation 
into the influence of SF and FA on the hydration of cement based mixtures at early 
ages. Heat ofhydration of a 16g sample was measured under isothermal conditions (25 
± 0.1) °C by a thermoelectric conduction calorimeter. SF replacement levels of PC were 
10% and 20%, FA replacement levels of PC were 10%, 20% and 30%, and also a 
ternary blend (10% SF-20% FA-70% PC) was used. Calorimetric tests were carried out 
at w/c ratios of 0.35, 0.40 and 0.50 for a period of 24 hours and several for 72 hours to 
observe any later reactions. The authors found that the adiabatic temperature rise of
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mortar containing fly ash is increased with the fineness of fly ash. When FA and SF are 
blended with PC the initial hydration of cement is retarded. The early reactivity of the 
SF is hampered causing the heat of hydration to decrease and the accelerating effect of 
SF is delayed.
Frias, et al., (2000) reported work relating to the difference in the heat evolved (relative 
heat output) from PFA-PC, MK-PC and SF-PC mortars for up to 120 hours hydration. 
A w/b ratio of 0.5 was used with a sand to cement ratio of 3:1. The PC replacement 
levels were 10% for MK and 10% and 30% for PFA. The authors found that the total 
heat evolved (up to 120 hours hydration) decreased with increasing replacement levels 
of PC with PFA whereas increasing replacement levels of PC with MK showed no 
substantial changes. 10% MK-PC blended mortar produces a higher output than the 
original PC; this was attributed to the higher pozzolanic activity of the MK. When 
measuring relative temperature rise, i.e. relative to PC mortar, MK mortar shows two 
peaks, the first at about 8 hours and the second at 18-20 hours. The authors suggest that 
the peak at 8 hours is due to the reaction of CH with SiOa to form C-S-H gel and that 
the second peak is due to the reaction of CH with A^Oa (and SiOa) to give C4AHn (and 
C2ASH8 ) (Frias, et al., 2000). MK shows higher activity between 12-30 hours than the 
SF and FA, but stabilises at about 48 hours. PFA-PC mortar has the lowest heat of 
hydration when compared to MK-PC and SF-PC mortar. The drop in relative heat 
output of PFA-PC mortar was attributed to the reduced PC content (dilution effect) and 
the negligible contribution from pozzolanic activity by the PFA (Frias, et al., 2000). 
For SF-PC mortars relative heat increased to a peak at about 8 hours and then fell to an 
approximately constant level by 20 hours (Frias, et al., 2000). The peak in relative heat 
output was attributed to the pozzolanic reaction of the SF which more than compensated 
for the reduction in PC content (Frias, et al., 2000). The work by Frias, et al., 2000 is
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supported by later work of Poon, et al., (2001) who reported the results of research on 
the rate of pozzolanic reaction of metakaolin in blended cement pastes and made 
comparisons with pastes containing SF and FA. Cement was replaced with 5%, 10% 
and 15% MK making a total of 30g dry powder. Heat evolution and cumulative heat 
evolution were measured against time. The authors reported that the initial rate of 
pozzolanic reaction is higher for the MK-PC blended cements and the cumulative heat 
is slightly higher for 5% and 10% MK-PC blended cements when compared to the PC 
control (Poon, et al., 2001). In the current work even higher replacement levels of 20% 
MK and 40% FA are used.
Bai and Wild, (2002) reported the results of work on the temperature-time profiles of 
150x 150x 150mm3 mortar cubes determined using a semi-adiabatic curing method for 
curing times that were recorded every minute for a total of 160 hours. A total of 
seventeen mortar mixes were prepared with a maximum PC replacement level of 40% 
and MK levels of up to 15%. The authors found that PFA replacement of PC in binary 
blends depressed temperature rise due to dilution of the PC by PFA, but MK 
replacement of PC in binary blends enhanced temperature rise. MK accelerates the rate 
of heat of hydration during the early stages of hydration causing enhanced temperature 
rise. In agreement with Frias, et al., (2000) the temperature rise of MK-PC mortars with 
respect to PC mortar showed two distinct peaks. However in contrast to Frias, et al., 
(2000), Bai and Wild, (2002) interpreted the first peak, occurring at six to ten hours, as 
being associated with the pozzolanic reaction of MK and acceleration of cement 
hydration which are subsequently thus retarded by reaction with sulphate and formation 
of ettringite on MK particle surfaces and, and the second peak, occurring at about 
twenty-four hours, as being associated with the break down of ettringite to 
monosulphate and renewed hydration of MK (Bai and Wild, 2002). The MK and PFA
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in MK-PFA-PC ternary blends have a compensatory effect, thus a 10% MK-10% PFA- 
80% PC blend has a similar temperature rise versus time profile to that of the PC 
control.
In the current work similar total replacement levels were used to those of Bai, et al. but 
with a higher MK replacement level of 20%. The total heat evolved and the rate of heat 
evolution from hydrating PC-pozzolan blends depends on the type of pozzolan and the 
PC substitution level (Bai and Wild, 2002). PC replacement with a pozzolan can 
change a number of processes contributing to the heat output from the hydrating system. 
The PC reduction will reduce the total heat output from PC hydration but will not 
necessarily reduce the initial rate of heat evolution because some pozzolans are known 
to accelerate PC hydration (Bai and Wild, 2002) and highly active pozzolans such as 
MK react exothermatically and themselves contribute to the heat output. Even less 
active pozzolans such as PFA which result in an overall reduction in heat output can 
enhance heat output in the short term. For example the authors reported that Kokubu, 
(1969) showed that the initial rate of heat of evolution of PFA-PC-water mixes 
increased with PFA content (water washed PFA) in spite of the decrease in cement 
content. This was attributed not to the reaction of PFA but to acceleration of cement 
hydration (Bai and Wild, 2002).
There is thus general agreement by previous authors that when FA replaces PC in 
binary binders there is an overall reduction in heat output. Heat of hydration of FA-PC 
mortars decreases with increasing replacement levels of PC with FA. When MK is used 
as a binary binder with PC the total heat evolved (up to 120 hours) shows no substantial 
changes although a 10% replacement of PC with MK has been shown to produce a 
higher output than the PC control (Frias, et al., 2000). Thus MK and PFA in PFA-MK-
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PC ternary blends have a compensatory effect on temperature increase (Bai and Wild, 
2002).
Although Bai and Wild, (2002) have previously investigated the temperature rise of 
PFA-MK-PC ternary blended mortars they did not measure actual heat output. Thus 
further more detailed investigation of the rate of heat evolution and the heat of hydration 
using conduction calorimetry is required to monitor the changes in activity when MK- 
PFA replaces PC in ternary blends. This is one of the major objects of the current 
study.
2.5 Influences of the particle size of pozzolans on reactivity and performance
Particle size has an influence on the pozzolanic (chemical) and microfiller (physical) 
effects of a pozzolan and hence on its reactivity and its effect on the performance of 
mortar and concrete. FA has a relatively low surface area typically (300-400 m2/kg) 
and low pozzolanic activity (Langan, et al., 2002) whereas MK has a high surface area 
(about 50 times that of FA) and is an active pozzolan. Goldman and Benter, (1993, 
1994) investigated the influence of microfillers on enhancement of concrete strength. 
Carbon black, three mean particle sizes (25, 73 and 330 nm), or silica fume were used 
as cement replacement in concrete and paste with the addition of a naphthalene 
sulphonate-based superplasticizer. The w/b ratios of model concrete mixes were 0.2, 
0.3, 0.4 and 0.46. The authors suggest that the mechanism by which SF affects concrete 
behaviour is of a physical origin and is based on a microfiller effect, prior to its action 
as a pozzolanic material. It is reported that carbon black produced similar influences on 
concrete strength to silica fume. The pozzolanic (chemical) and microfiller (physical) 
effects are summarised in Figure 2.1, showing that the microfiller effect is at least as 
important, and perhaps more significant than the pozzolanic influence.
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When FA is used as partial replacement of PC in concrete the strength is initially less 
than that of the control. This is due to the reduction in cement content and the slow rate 
of dissolution of silica as a result of the relatively small specific surface of FA, typically 
300-400 m2/kg (Sabir, et al., 2001). At longer curing times more silica goes into 
solution forming additional C-S-H gel which gives enhanced strengths in the longer 
term (Sabir, et al., 2001). MK resembles SF in some respects, particularly in terms of 
its large surface area (> 12,000 m2/kg) which is about 50 times larger than FA (Khatib et 
al., 1996). It is a silica based product, which on reaction with CH produces C-S-H gel 
(Khatib et al., 1996). MK also contains alumina which on reaction produces alumina 
containing phases some of which are crystalline (C4AHi3, CiASHg and CsAH^) (Khatib 
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Figure 2.1 Strength-time curves for concretes and paste-matrices with respect to
silica fume and carbon black systems of the same water/cement ratio (0.46), used to
quantify and demonstrate the contribution of pozzolanic and microfiller effect
(Goldman and Bentur, 1993)
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In general it has been found that using pozzolans as partial replacement materials for PC 
in concrete results in more densified concrete with reductions in diffusion rates of ions 
and an improvement in durability (Sabir, et al., 2001).
There is thus general agreement by previous authors that the specific surface (i.e. 
particle size) is important in controlling the reactivity of the pozzolan and in influencing 
the surface area available to act as reaction sites for hydration products. The formation 
of hydration products reduces the potentially harmful CH present in mortar and concrete 
that can react with sulphate ions and chloride ions in solution. In addition the size of 
the particles is also important as fine particles act as microfillers filling the pore space in 
mortar and concrete particularly in the interfacial zone regions. This reduces the ingress 
of sulphate ions in solutions thus increasing durability and strength development over 
time. It is suggested that the microfiller effect is at least as important, and perhaps more 
significant than the pozzolanic influence (Goldman and Bentur, 1993). Further 
investigation at high PC replacement levels is required with binary PFA (ground and 
unground)-PC and ternary MK-PFA-PC blends in this respect and this will be taken into 
account in the current study.
2.6 Pore refinement
Mortar and concrete have a porous structure that refines during hydration. The 
distribution of the different pore sizes change as more gel is formed within the capillary 
pores, causing constrictions, closing some of them off and producing a marked fall in 
permeability (Wild, 1989). Pores of size below 50 nm are too fine to transmit water by 
capillary action so that the greater the proportion of the porosity below this size the less 
permeable and hence the more durable is the mortar and concrete (Wild, 1989). 
Winslow and Liu, (1990) investigated the development of pore size distribution of
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cement paste with curing time in mortar and concrete, measured by mercury intrusion 
porosimetry (Winslow and Liu, 1990). The authors found that paste in concrete is more 
porous than neat paste and the majority of pores have larger diameters than are found in 
plain pastes. The paste that forms in mortar has a pore structure that is more like that in 
concrete than in plain paste.
The partial replacement of PC with pozzolanic materials can, by improving pore 
refinement, increase the durability and strength development of mortar and concrete. 
The CH produced during cement hydration reacts with the pozzolan and produces 
additional gel (Khatib, et al, 1996) thus reducing the CH content of mortar and 
concrete. This alters the pore structure by blocking pore space and reducing the ingress 
of aggressive ions such as sulphate ions (section 2.7) by capillary action. Young, 
(1998) reports that FA-PC blends produce (other than at longer curing times) higher 
porosities and a coarser pore structure than the PC control even though permeability is 
reduced (Khatib, et al., 1996). This is explained in terms of the development of easily 
broken barriers separating large pores that reduce permeability but are destroyed by the 
high pressure used in mercury intrusion porosimetry (Khatib, et al., 1996).
The influence of MK on micro structure of blended cement pastes has been studied by 
Kostuch, et al., (1993) and Khatib, et al., (1996). The pore size distribution for MK-PC 
mortars examined by Kostuch (1993) is shown in Figure 2.2. A significant reduction in 
the average pore size is obtained when 20% MK replaces PC. Khatib, et al., (1996) 
reported the results of research by Bredy, et al., (1989) who found an increase in total 
porosity of MK-PC pastes, when compared to the PC control, in excess of 20% at a 
curing age of 28 days. The author attributed the phenomenon to the "filler effect" of the 
fine MK particles and not to a collapse of the internal micro structure. This is surprising
TO
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in that one might expect the "filler effect" to produce a decrease in total porosity. 
However interpretation of the data is unclear as increasing MK replacement levels were 
used with increasing w/b ratios. Pozzolans (MK and SF) have a microfiller (physical) 
effect (Goldman and Bentur, 1994) filling the pore spaces with fine particles and 
decreasing the total porosity in hardened mortar and concrete binders. Roa, (2001) 
reported on the results of research on the role of w/b ratio on the strength development 
(up to 90 days) in (0, 5, 10, 15, 17.5, 20, 22.5 25, 27.5 and 30%) SF-PC mortar blends. 
The authors found that the w/b ratio of 0.45 appears to be the transition point, from 
which the deviation of the general variation of strength with w/b ratio took place. At 
high SF replacement levels the strength of mortars increases as the w/b ratio increases. 
At 28 days the (>20%) SF-PC mortar blends (w/b ratio of 0.45) strength decreases as SF 
replacement level increases. The increase in total porosity of MK-PC pastes attributed 
by Bredy, et al., (1989) to the "filler effect" could in fact be due to the w/b ratio and 
level of pozzolanic replacement of PC in mortar and concrete.
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Figure 2.2 Effect of MK on the pore size distribution of mortars - w/b = 0.4; 
aggregate/binder = 1.0; age = 100 days (Kostuch, et al., 1993)
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Khatib, et al., (1996) in later work examined the porosity and pore size distribution of 
cured MK-PC blended pastes by mercury intrusion porosimetry. The proportion of 
large pores (radius > 0.02 jam) in the paste decreases with both increase in MK content 
and increase in curing time. However increasing levels of replacement of PC with MK 
produce a general refinement of pore structure that appears to be near completion at 14 
days and which corresponds to a maximum in the relative strength (Khatib, et al., 1996). 
Subsequently a small increase in total pore volume and a renewed increase in CH level 
are observed. The authors gave two possible explanations for this observation:
(1) Formation, by about 14 days, of an inhibiting layer of reaction product around the 
MK particles, thus terminating their reaction with CH and preventing further 
formation of 'pore blocking' gel. Hence, the coarser pores formed by dissolution of 
CH crystals reported by Bentz (1994) can no longer be blocked off by further gel 
formation (Khatib, et al., 1996).
(2) As a result of changing CH / MK ratio with age the initial reaction products are C-S- 
H gel, C4AHi 3 , and also gehlenite hydrate (C2ASH8) appears (Khatib, et al., 1996). 
There is then a transformation from the less dense C4AHi 3 and C2ASH8 to dense 
hydrogarnet (Khatib, et al., 1996). This transformation is associated with a decrease 
in solid volume and hence an increase in porosity and no further increase in strength.
It is suggested that there is no reason why both processes cannot operate at the same 
time. Pastes were used with 0, 5, 10 and 15% MK replacement levels with a w/b ratio 
of 0.55. Specimens were moist cured [20 ± 1 °C] for periods from 3 to 365 days. 
Similar influences of MK on pore structure refinement of MK-PC pastes have also been 
reported by Frias and Cabrera, (2000).
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There is thus general agreement by previous authors that pore refinement by pozzolans 
improves durability and strength development of binary pozzolanic-PC blended mortar 
and concrete. MK pore refinement occurs within 14 days whereas with FA pore 
refinement occurs at extended curing periods (Khatib, et al., 1996). Further 
investigation is required to determine pore refinement in ternary MK-PFA-PC (up to 
40% total replacement) blends to assess durability and this forms part of the current 
study.
2.7 Strength and durability of cementitious materials subjected to sodium 
sulphate solution and synthetic seawater
The principal mechanisms that contribute to the shortening of the service life of 
hardened concrete are listed below in Table 2.1.
Table 2.1 Degradation processes (Roy, et al., 1995)
Thermo-mechanical
Pressure/temperature alteration of phase stability
Freezing and thawing cycling
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Roy, et al., (1995) classified these degradation processes into two categories, thermo- 
mechanical and chemical, although there is some overlap between the two. The 
mechanisms highlighted in boldface type require a mass transport of ionic or molecular 
species into or out of the cementitious matrix. Transport in the cementitious matrix 
occurs via movement through the conduits that connect the pores to the exterior of the 
concrete. Pore size distribution and total number of pores are an important factor 
affecting the durability of concrete and mortar. The service life of mortar and concrete 
depends principally on its durability.
Bonen and Cohen, (1992) reported that many of the destructive and corrosive processes 
affecting mortar and concrete involving chemical reactions can be attributed to the 
aggressive actions of sulphate in solution. Sulphates, as ions, are present in seawater, 
mainly as magnesium sulphate, and in certain soils, mainly as calcium sulphate, and in 
the groundwater of these soils, mainly as sodium sulphate. Magnesium sulphate 
appears to be the most detrimental to PC with sodium sulphate being destructive but 
less harmful. Excessive w/cm and inadequate or improper curing, enables sulfate ions to 
ingress into the porous concrete through its open pore structure (Skalny, et al., 2002).
Sulphate attack manifests itself in three forms when causing deterioration of concrete, 
as shown in Figure 2.3 (Al-Amoudi, 2002). The first mode is shown by the breaking 
down the hydrated cement paste and may result in loss of cross-sectional area of the 
component and decrease in strength. This is attributed mainly to the formation of 
gypsum and is known as the acidic type of sulphate attack (Figure 2.3(a)) (Al-Amoudi, 
2002). The second mode is shown by expansion and cracking of the concrete (Figure 
2.3(b)). This occurs when the reactive hydrated aluminate phases, present in sufficient 
quantities, are attacked by the sulphate ion forming ettringite or Candlot's salts (Al-
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Amoudi, 2002). The third mode is the onion-peeling type shown by scaling or shelling 
of the surface layer (AI-Amoudi, 2002). This was observed by the authors in plain and 
fly ash-blended cements exposed to mixed sulphate environments (Figure 2.3(c)) (Al- 
Amoudi, 2002).
13 14 15 16 17
Figure 2.3 Modes of sulphate attack: (a) acidic type; (b) expansive type; (c) onion- 
peeling type (Al-Amoudi, 2002)
The sulphate resistance of PC is rather limited mainly because of the significant 
amounts of C3A which it contains (6 - 10%). During hydration this phase yields first 
ettringite (C6AS3H32) which in many cases converts mainly to monosulphate
(C4A§Hi2). Also concrete that contains no C3A but a high w/c ratio and high contents
of C3 S and C4AF has been shown to fail in less than 25 years (Monteiro and Kurtis, 
2003). When concrete with a high C3 S content is exposed to sulphate ions a softening
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of the matrix occurs, which cannot restrain the expansion caused by the reaction with 
C4AF (Monteiro and Kurtis, 2003). In the presence of CH, when the concrete or mortar 
is exposed to sulphate ions both the alumina-containing hydrates are converted to 
ettringite, as shown stochastically (Al-Amoudi, 2002):
C4ASHi2 + 2CSH2 + 16H -» C6AS3H32 (1) 
3CSH2 + 14H -> C6AS3 H32 + CH (2)
The formation of ettringite causes expansion to occur in mortar and concrete. The 
mechanisms by which ettringite formation causes expansion are still not properly 
understood. Two of the several proposed hypotheses, supported by researchers (Al- 
Amoudi, 2002), are:
(1) exertion of pressure by formation of ettringite crystals, and
(2) swelling due to absorption of water in an alkaline environment by poorly crystalline 
ettringite.
Chemical changes and possible damage occurring to concrete and mortar from the 
ingress of sulphate ions into the porous cementitious system are shown in Table 2.2. 
When concrete and mortar are subjected to seawater and sulphate attack their durability 
can significantly decline due to degradation of the concrete / mortar. One approach to 
prevention of this attack is to use mineral admixtures or supplementary cementing 
materials because they may improve durability (Roy, et al., 2001).
2.7.1 Sulphate attack of hardened cement
The expansion of mortar bars exposed to sodium sulphate occurs in two stages 
(Santhanam, et al., 2002). In stage one the expansion is very low and this stage can thus
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Softening of paste matrix 
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Loss of binder capacity
Paste microcracking
Spalling and delamination 
Loss of engineering properties 
(e.g., modulus of elasticity,
strength, durability)
Sulfate attack
be called the 'induction period'. At the end of this induction period the expansion 
increases rapidly and proceeds at a steady rate until the specimen disintegrates. Stage 
two occurs because of the increase in the amounts of gypsum and ettringite over that 
which can be accommodated by the pore structure. The mortars also exhibit a cracking
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pattern, which occurs as a direct result of the attack mechanism of sodium sulphate ions. 
Santhanam, et al, (2002) and many other researchers have reported that in sodium 
sulphate solution the expansion of mortar bars is drastically reduced in the pozzolanic 
substituted mortars.
In a long term study over 40 years Monterio and Kurtis, (2003) assessed the time to 
failure of 100 concrete mixtures as influenced by w/c ratio, level of PC substitution by 
fly ash, and C3A and C3 S content. Concrete cylinders (76 x 152mm) were partially 
submerged in 2.1% (0.15 M) sodium sulphate solution at ambient temperatures. Length 
measurements were recorded every 28 days initially for up to 5 years, but after this 
period the results were recorded biannually. The partial replacement of low C3A 
cement with 25% and 45% fly ash showed less expansion than comparable mixtures 
containing no pozzolans (Monterio and Kirtis, 2003). The authors' results indicate that 
a w/c ratio lower than 0.45 and an unhydrated C3A content lower than 8% is required 
for long term durability of concrete.
Khatib and Wild, (1998) investigated six different mortar mixes (5, 10, 15, 20 and 25% 
MK replacement of PC) and a PC control. Two types of cement were used one with 
high and one with intermediate C3A content. Mortar cubes were stored in a 5% Na2SO4 
solution for periods of up to 1 year. Mortar bars for expansion measurements were 
stored for periods of up to 520 days. In this study on the resistance of MK in binary 
mortar to sulphate attack the authors found that the mortars containing PC substituted 
by MK at levels of up to 10% exhibit a strength loss, and those with PC substitution 
levels greater than 15% exhibit a gain in strength, relative to equivalent water-cured 
specimens. The sulphate expansion results demonstrate that the sulphate resistance is 
impaired at low substitution levels (up to 10%) but is increased as the replacement level
1 "7
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of cement with MK increases above this level up to at least 25% replacement. Thus the 
authors propose that at least 15% MK replacement of PC is required for good sulphate 
resistance.
Bai, et al., (2002a) investigated the properties of mortar made with binary PC-MK 
binders, binary PC-PFA binders, ternary PC-MK-PFA binders and a PC control. A w/b 
ratio of 0.5 was used in this study with the 25 x 25 x 285 mm mortar bars being 
demoulded, sealed in cling film, and moist cured at room temperature (-21 °C) for 14 
days prior to being placed in sodium sulphate solution (two bars) and de-ionised water 
(two bars). Weight, expansion measurements and solution changes were carried out 
every 28 days. The authors reported that the mortar bars containing binary PC-MK 
binders showed the lowest expansion data. Similar low expansion values can be 
achieved in binary PC-PFA binders but at much higher replacement levels. However 
low expansion can also be achieved by blending PFA with small amounts of MK. For 
example 40% replacement of PC with MK-PFA blend (MK:PFA ratio of 0.33) in 
mortar produces similar expansion to mortar with a binary 15% MK - 85% PC binder. 
The results indicate that improved performance can be achieved by using particular 
ternary PC-MK-PFA binders.
2.7.1.1 Chemical changes
When sodium sulphate (NS) attacks the portlandite (CH) produced when Portland 
cement in mortar and concrete hydrates chemical changes occur (Al-Amoudi, 2002). 
The gypsum, formed by reaction between NS and CH, reacts with monosulphate and 
other alumina-bearing phases to form secondary ettringite as shown in the following 
reactions (Al-Amoudi, 2002):
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CH + NS + 2H -» CSH2 + NH (3)
C3A + 3 CSH2 + 26H -» C6 AS3H32 (4)
The sodium hydroxide (NH) produced in equation (3) raises the pH of the hydrated 
cement to around 13.5 and produces a stabilizing effect on the C-S-H and ettringite 
(C6AS3 H32) (Al-Amoudi, 2002). The gypsum (CSH2), produced in equation (3), will
react with the hydration products (calcium aluminate hydrate (C4AH ]3), monosulphate 
(C4ASHi2) and / or calcium aluminate (C3A)) to produce secondary ettringite, as shown
in equations (1), (2) (Section 2.7) and (4) (Al-Amoudi, 2002). Secondary ettringite is a 
product of sodium sulphate attack whereas primary ettringite is formed during the 
setting of PC in its plastic stage. Ettringite is expansive in nature with a lower density 
of 1.73 g/cm3 when compared to an average of 2.50 g/cm3 for other hydration products 
(Al-Amoudi, 2002). The manifestation of sodium sulphate attack is seen by expansion 
and cracking of mortar and concrete.
2.7.2 Seawater attack of hardened cement
In contrast the expansion of mortars stored in magnesium sulphate solution occurs 
initially at a continuously increasing rate (Santhanam, et al., 2002). A layer of brucite is 
thought to be formed on the surface of the mortar soon after immersion in the solution. 
The steady increase in the rate of expansion, which occurs initially due to the diffusion 
of sulphate ions into the surface layers of the mortar, is subsequently retarded by the 
build up of the brucite (low solubility) layer, and below that gypsum (Taylor, 1994), 
which gradually inhibits further diffusion of sulphate into the mortar (O'Farrell, et al., 
2000). However brucite formation consumes large amounts of CH supplied by the 
hydrated paste (Santhanam, et al., 2002). When the available CH is depleted, the pH of
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the pore solution is lowered. In order to maintain the pH, the C-S-H can release CH to 
the solution re-establishing the pH. This contributes to the decalcification of the C-S-H, 
and destruction of the cementitious matrix of the mortar or concrete (Santhanam, et al., 
2002). In later stages of attack, the Ca ions in the C-S-H can be completely replaced by 
Mg ions, leading to the formation of magnesium silicate hydrate (M-S-H) (Santhanam, 
et al., 2002). This has been reported by Bonen (1992) to be non-cementitious 
(Santhanam, et al., 2002). When silica fume is used as partial replacement for PC the 
pozzolanic reaction substantially reduces CH thus the decalcification of the C-S-H gel 
can start occurring at an earlier stage. Santhanam, et al., 2002 reported Bonen and 
Cohen (1991) found that PC-silica fume blends perform poorly in seawater when 
compared to Type I cement
Bosc, et al., (1993) investigated the durability of MK-PC blended mortars immersed in 
seawater. MK-PC blended (20 x 20 x 160mm) bars, with a melamine superplasticiser 
(can influence durability), were immersed in seawater after being air cured at 98% R.H. 
for 28 days. Two curing temperatures of 20 °C and 30 °C were used in this study. The 
authors reported that the MK-PC blended mortars resulted in a 40% increase in strength 
and a 60% reduction in dimensional change with respect to the PC control. O'Farrell, et 
al., (2000) found an improvement in durability when investigating the chemical 
resistance of ground brick (GB)-PC mortar exposed to synthetic seawater. PC that was 
partially replaced by 0%, 10%, 20% and 30% GB of various types. The 20 x 20 x 160 
mm mortar bars had a w/b ratio of 0.5. Specimens were stored in water at 20 + 2 °C for 
28 days after being demoulded before being exposed to synthetic seawater. Changes in 
length and mass of mortar bars were monitored for up to 560 days. The authors 
reported that the expansion of mortar decreased and the loss in strength reduced by 
partially replacing PC with up to 30% GB.
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2.7.2.1 Chemical changes
In a marine environment magnesium sulphate (MS) and chloride ions exist in aqueous 
solution. Seawater can cause concrete to deteriorate when the MS attacks the 
portlandite (CH) produced when PC in mortar and concrete hydrate. The following 
chemical changes occur (Al-Amoudi, 2002):
CH + MS + 2H^ CSH2 + MH (5)
CxSyHz + xMS + (3x + 0.5y - z)H -» xCSH2 + xMH + 0.5yS2H (6)
4MH + SHn -» M4 SH8 . 5 + (n - 4.5)H (7)
Unlike NH the MH produced in equation (5) is insoluble (solubility is 0.01 g/1 compared 
to 1.37 g/1 for CH) and its saturated solution has a pH of 10.5 when compared to a pH of 
12.4 for CH and 13.5 for NH. Low pH destabilizes both ettringite and C-S-H with the 
consequences (Al-Amoudi, 2002) listed below:
(1) secondary ettringite will not form;
(2) MS will react with C-S-H as in equation (6) thereby producing gypsum, brucite 
(MH) and silica gel (S2H). This gel is less cementitious than the C-S-H gel;
(3) C-S-H liberates lime to increase the pH to establish its own equilibrium. The 
liberated lime reacting with MS as per equation (5) to produce more CSH2 and MH;
(4) gypsum and brucite concentration increases in the paste matrix while the C-S-H 
progressively loses lime and becomes less cementitious;
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(5) the increase in brucite and further action of MH is attributable to its reaction with the 
hydrosilicates (S2H), as shown in equation (7), thereby producing magnesium silicate 
hydrate (M-S-H) which is non-cementitious.
The manifestation of magnesium sulphate attack is seen by softening and deterioration 
of the surface layers of hardened cement paste and formation of gypsum and brucite as 
shown in equations (5) and (6) (Al-Amoudi, 2002). The brucite content will decrease 
because of its conversion to M-S-H as shown in equation (7) (Al-Amoudi, 2002).
Chloride ions, a constituent of seawater, can bind with the CjA in the cement to form 
calcium chloroaluminate (SCaO-A^Os-CaCli-lOHiO) sometimes referred to as Friedel's 
salt, and with C4AF to form calcium chloroferrite (3CaOFe2O3 -CaCl2-10H2O) (Neville, 
1995). Chloride ions can cause the corrosion of steel reinforcements and damage the 
surrounding concrete structures with cracking, spalling and delamination occurring. 
Corrosion of reinforcements from chloride ions is a major cause of deterioration in 
concrete structures when exposed to aggressive environments. The corrosion of steel is 
outside the scope of this present study and thus the discussion is limited to the attack of 
hardened PC in mortar and concrete by MS.
2.7.3 Influence of pozzolans on the resistance of hardened cement paste to 
sulphate and seawater attack
Pozzolanic materials can be used as partial replacement of cement to improve the 
durability of mortar and concrete (Ellis, et al, 1991, Roy, et al., 2001). Fly ash-Portland 
cements, for example, in which up to 30% of clinker is replaced by fly ash, resist 
sulphate attack better than Portland cement (Krizan and Zivanovic, 1997). Kumar, 
(2000) investigated the effect of a marine environment on concrete. Type I, Type II and 
Type V cements were used with blended cements being prepared by replacing 10, 20
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and 30% of these cements with Class F FA. The authors reported that after 365 days of 
exposure to seawater, higher compressive strengths were observed in concrete made 
with a PC binder blended with up to 20% of FA than with the PC control. The 
reduction in compressive strength was defined by a strength deterioration factor (SDF) 
(Kumar, 2000, Bai, et al., 2003) as shown in Figure 2.4 in section 2.7.4.
Malhotra, et al., (1988) reported a long term study of 175 (305 x 305 x 915 mm) prisms, 
cast over a nine year period (7 phases), which started in 1978. The water to 
cementitious ratio of the concretes ranged from 0.3 to 0.6 with PC (types, I, II and V) 
being partially replaced (0% to 80%) with binary FA, SF, BFS and ternary FA-SF, FA- 
BFS. A low-calcium (ASTM class F) FA was obtained from a plant in Detroit for phase 
II and for phase IV a low-calcium FA from a plant in Lingan, Nova Scotia. Phase II 
(1979) investigated air-entrained concrete incorporating FA and pelletized blast-furnace 
slag (Malhotra, et al., 1988). FA was used to replace the PC at 25% by mass or in 
combination with the slag to replace up to 80% of the PC. In phase IV (1981) air- 
entrained concrete incorporating FA at 25% by mass of the PC was investigated 
(Malhotra, et al., 1988). Prisms were demoulded after 24 hours and moist cured for 90 
days before being stored in a marine environment. The specimens were stored at mid- 
tide level in the marine environment and subjected to a cycle of wetting and drying with 
an average of about 100 cycles of freezing and thawing per year (Malhotra, et al., 1988). 
The prisms were monitored at yearly intervals by visual ratings, non-destructive testing 
and a photographic record. The authors reported that in phase II (1979) ternary BFS- 
FA-PC blended concrete, with high (60% & 80%) replacement level, had a maximum 
surface deterioration of 90% of the surface aggregate. Thus this concrete must have 
minimum cement content in the order of 200 to 250 kg/m3 (Malhotra, et al., 1988). 
There is no difference in the durability of concretes made with type I, II and V cements.
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In phase IV (1981) the concrete prisms are in a satisfactory condition after 6 years of 
exposure except the prisms with a water-to-(cement + fly ash) ratio of 0.6 (Malhotra, et 
al., 1988). These prisms show 80% of the surface aggregate is exposed (Malhotra, et 
al., 1988). Thus to have durable concrete a water-to-cementitious material ratio must 
not exceed 0.5. Mortar and concrete with PC binders seem to improve their durability 
when exposed to aggressive environments. This is also highlighted in an earlier report 
by Torii, et al., (1987) who investigated the influence of FA on the resistance of 
concrete to sulphate attack. Blended cement was prepared by replacing 30 and 50% of 
PC with FA. The specimens were immersed in sodium sulphate solution for up to two 
years. The authors found that the partial replacement of PC by up to 50% FA 
significantly increases the sulphate resistance of concrete. The resistance against 
sulphate attack may be due to the prevention of the sulphate solution penetrating into 
the concrete by the formation of a dense cementitious matrix generated by the slow 
pozzolanic reaction of the FA. Also the dilution of the PC at 50% replacement with FA 
would reduce the amount ofC^A available.
A similar effect to that produced with fly ash may be attained by replacing Portland 
cement with ultra-fine pozzolans, for example, metakaolin (Khatib and Wild, 1998) 
which is similar in its pozzolanic properties to condensed silica fume (CSF) (Ding and 
Li, 2002). Asbridge, et al., (1996) reported the results of a study to investigate the 
durability of MK concrete exposed to aggressive environments. A concrete marine 
slipway was constructed with a superplasticised concrete containing a binder with a 16 
wt. % MK substitution of PC and there was no evidence of apparent erosion or 
deterioration of the concrete after three years of exposure to a marine environment. A 
study by Roy, et al., (2001) reported the effects of aggressive chemical environments on 
mortars containing supplementary cementing materials including SF, MK and FA.
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Mortars were prepared with 0.36 and 0.40 W/S (water / cementitious solid) ratios and 
various proportions of PC (Type I), SF and MK / FA (0 - 30 wt. % replacement) with no 
chemical admixture. Compressive strength of mortars was measured after 28 days 
immersed in a mixture of sodium sulphate and magnesium sulphate (0-175 mol each). 
The authors found that no significant change in compressive strength of the concrete 
occurred as a function of the replacement level of PC with SF and MK. However, the 
compressive strength decreased as the FA replacement level increased. This suggests 
that the FA pozzolanic activity is not very effective at early stages of development. 
Compressive strengths were in the order FA < SF < MK.
2.7.3.1 Chemical changes
When pozzolanic materials replace cement as binders, calcium hydroxide Ca(OH)i is 
transformed into secondary calcium silicate hydrate (C-S-H) gel (Manmohan and 
Mehta, 1981). This pozzolanic reaction produces a number of benefits in reducing the 
impacts of sulphate attack on mortar and concrete. These are:
(1) It causes the transformation of larger pores into finer pores due to deposition of 
reaction products as a result of pozzolanic reaction of the mineral admixture 
(Memon, et al., 2002). This brings about a modification in the pore structure and 
reduces permeability of the cement paste, thus limiting the capacity of the sulfate 
solution to penetrate deeper into the concrete structure (Skalny, et. al., 2002);
(2) It reduces the amount of portlandite in the hydrated cement paste matrix and thus 
reduces the amount of gypsum that can form via this source (Al-Amoudi, 2002);
(3) It reduces the C3A content (dilution effect) of the binder and hence reduces the 
aluminate-bearing phases (Al-Amoudi, 2002);
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(4) It reduces pH. Ettringite is expansive only at high pH values; since blended cements 
consume high levels of portlandite produced during cement hydration and thus 
reduce pH, ettringite becomes less expansive (Al-Amoudi, 2002);
(5) It results in secondary C-S-H formation which produces a coating on the surface of 
alumina-rich and other reaction phases reducing the formation of secondary 
ettringite (Al-Amoudi, 2002).
Thus pozzolanic materials increase the durability potential of mortars and concretes 
when exposed to sulphate ions. Most pozzolanic materials are introduced into concrete 
as binary blends with PC. However each pozzolan has its own individual characteristics 
which may differ widely from those of other pozzolans. Some of these characteristics 
improve concrete performance whereas others worsen performance. Combinations of 
different pozzolans therefore have the potential to enhance overall performance relative 
to that produced by each individual component pozzolan. The next section therefore 
reviews the potential of ternary FA-MK-PC blends as durable cementitious materials.
2.7.4 The potential of MK-PFA-PC blends as durable cementitious binders
The influences of PFA and MK as binary blends with PC on mortar and concrete 
properties have been widely investigated in the last ten years. Previous research has 
also investigated the effects of various combinations of PFA and MK as ternary blends 
with PC on concrete properties and established their effectiveness in producing high 
performance concrete.
Sabir, et al., 2001 reported the results of work by Asbridge, et al., (1996) on an 
investigation into the reduction in porosity and CH removal caused by MK in ternary 
blends of PC/GGBS/MK concretes. Concretes having binders with ratios of PC/GGBS 
of 70/30, 50/50 and 30/70 by weight and with MK at varying replacement levels as
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partial substitution for the PC-GGBS blend were investigated. The authors found that 
when MK was introduced into concrete in this manner the strengths at 90 days were 
significantly increased (Sabir, et al., 2001). MIP data showed that binary GGBS blends 
produced an increase in the proportion of large (<0.1 um radius) pores, while the binary 
MK blends decreased this proportion and thus produced a more refined pore structure 
(Sabir, et al., 2001). The authors concluded that ternary blends examined would 
produce more durable concrete better because of the refined pore structure, reduction in 
diffusion rates and reduction in CH content. Sabir, et al., 2001 reported the results of 
work by Caldarone and Gruber (1995) on an investigation of ternary blended concrete 
with FA and MK or GGBS and MK replacing PC, which also found improvement in 
compressive strength with the addition of MK.
Bai, et al., (2000) demonstrated the effects of FA and MK on the strength development 
in concrete. FA gives low early strength which can be compensated for by the addition 
of MK. High PC replacement levels (40%) with low MK/FA ratios resulted in strengths 
(90 Days) higher than the PC control. Early strengths higher than that of the PC control 
were obtained with low cement replacement levels but with high MK/FA ratios (Bai, et 
al., 2000). Bai, et al., (2003) in later work investigated the properties of concrete made 
with ternary MK-PFA-PC binders including chloride ingress and strength loss of PC- 
PFA-MK concrete exposed to synthetic seawater. Eleven concrete mixes were used, 
with PC-PFA-MK binders at a w/b ratio of 0.5. The concrete was demoulded and water 
cured for 28 days followed by exposure to synthetic seawater at 20 ± 1°C until tested 
(up to 18 months). The authors found for strength loss in seawater relative to pure 
water, that the ternary PC-PFA-MK blends produced significant reductions in strength 
loss. At 30% PC replacement with MK-PFA at an MK/PFA ratio of 0.33 the strength 
loss after 18 months was 7% whereas the strength loss for both the PC control and the
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binary PC-PFA blends was 15% (Figure 2.4). The results indicate that improved 
performance can be achieved by using particular ternary MK-PFA-PC binders.
Sabir et al., (2001) reported the results of work, from an earlier investigation (Sabir, et 
al., 1999), on the compressive strength of PC-FA-MK concrete blends. The variation in 
relative strength is defined as the ratio of the compressive strength of the MK concrete 
to the strength of the PC control with curing time at the same age. A significant loss of 
strength in the early strength of concrete (up to 28 days) incorporating FA, particularly 
at higher replacement levels (20 - 30%), was restored by the addition of MK in the 
blend (Sabir et al., 2001). The restored strength was attributed to the pozzolanic 
reaction of MK with the CH. A 40% increase in strength at 14 days was recorded for a 
20% MK replacement of the PC when compared to the PC control (Sabir et al., 2001). 
Early strengths higher than that of the PC control were obtained with low cement 
replacement levels but with high MK7FA ratios and the long-term strength was not 
greatly affected.
I
SDF = (1 -
aw, (strength in water)
x 100
PC 10% 20% 30% 
Total replacement
40%
Figure 2.4 Strength Deterioration Factor (SDF) at 10,20, 30 and 40% PC 
replacement levels for 18 months exposed to synthetic seawater (Bai, et al., 2003)
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There is thus general agreement by previous authors that binary MK binders with PC 
improve substantially the durability performance of mortar or concrete in aggressive 
chemical environments at moderate replacement levels. Binary PFA-PC binders also 
improve durability performance but not to the same degree as MK. The durability of 
ternary MK-PFA-PC blends still requires further investigation to assess their chemical 
resistance, pore structure change and strength development when exposed to sulphate 
solution and seawater. This is one of the main objectives of the current study.
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CHAPTER 3: MATERIALS AND EXPERIMENTAL 
METHODOLOGY
3.1 Materials
Data on the oxide compositions, and properties of the cementitious materials used in 
this research including the phase composition of Portland cement calculated using 
Bogue's equations, are shown in Table 3.1.
3.1.1 Portland cement and aggregates
A single batch of South Ferriby Portland cement, in accordance with BS EN 197-1: 
2000 supplied by Rugby Cement was used in the heat of hydration and setting time 
experiments, and a second single batch of Rugby Portland cement, supplied by Rugby 
Cement, was used throughout the remainder of the research programme. A direct 
comparison of the two cements can be made in Table 3.1. Both cements have similar 
mineral compositions but the South Ferriby cement is richer in C^S and poorer in CaS 
relative to the Rugby cement. Natural sea-dredged sand used in the mortar 
compositions complies with BS 812-103.1: 1985 for fine aggregate / sand.
3.1.2 Metakaolin
Imerys supplied the MetaStar 501 MK and its composition is given in Table 3.1.
3.1.3 Fly ash
Ash Resources Ltd supplied the class F, low lime, PFA and its composition is given in 
Table 3.1. The reactive silica content (determined by Associate Cement Cos. Ltd, 
India) is 34.3% as per BS EN 196-2: 1995 method. Thus approximately 69% (reactive 
silica content (34.3% - 49.8%) SiO2 content (xlOO)) of the silica content in the PFA is 
reactive.
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3.1.3.1 Ground fly ash
Some of the PFA was ground for approximately 15 minutes to achieve the optimum 
grinding time, the optimum being the time above which further increases in time had 
negligible effect on particle size (1398 m2/kg at 15 minutes compared to 1432 m2/kg at 
20 minutes).
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Initial setting time (mins)
Final setting time (mins)
Standard consistency (%)































































































































Cements: ' South Ferriby 2 Rugby
Data supplied by: a Rugby Cement Ltd; b Imerys; ° Ash Resources Ltd: d Calculated Bogue's equations 
Experimentally determined: e Malvern Particle Size Analyser (Mastersizer 2000); Vicat apparatus;
8 Density bottle method
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3.2 True material density
A 50 cm bottle was used to measure the density of dry powders, as presented in Figure 
3.1.
Figure 3.1 Apparatus used to measure the true material density of dry powders
3.2.1 Methodology
1. The bottle and stopper weight were measured
2. The powder (for example MK) was placed into the bottle to cover the base
3. The weight of bottle and powder were then measured
4. Half the bottle was filled with water and vacuumed to remove excess air
5. The bottle was filled with water and again vacuumed
6. The stopper was replaced, bottle wiped and weighed
7. The contents of the bottle were emptied, washed, filled with water and vacuumed
8. The stopper was replaced and weighed
The true material density of the sample was recorded. It should be noted that the 
contents of the bottle were vacuumed for approximately 2 minutes to remove most of 
the excess air from the liquid (and the solid) present in the bottle. This was considered 
to be an appropriate length of time after which further vacuuming would not achieve
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substantial reduction in the air held by collide or liquid.
3.3 Mix proportions and sample preparation
Twenty-one compositions of binary and ternary blended pastes and mortars were 
prepared. Also four compositions of binary GPFA blended pastes and mortars were 
prepared. The paste mixes were cast in 75 mm diameter x 40 mm long cylindrical 
moulds for determination of consistence and setting time. Each paste mix was used to 
produce eighteen 25 x 25 x 25 mm cubes for porosimetry. Also a PC paste mix was 
used to produce thirty-two 50 x 50 x 50 mm cubes to evaluate the sample preparation 
for porosimetry. Each mortar mix was used to produce twenty-six 100 x 100 x 100 mm 
cubes, twenty-four 50 x 50 x 50 mm cubes and nine 20 x 20 x 160 mm bars, which were 
used for durability and strength development studies.
In addition a mortar mix was used to produce twenty-four 50 x 50 x 50 mm cubes to 
assess if residual carbon present in the PFA and GPFA influences strength development 
in 10% PFA-PC and 10% GPFA-PC blended mortars. Also sixteen 50 x 50 x 50 mm 
mortar cubes were produced to assess if the observed increase in heat of hydration of 
PC paste containing GPFA has an influence on early strength development in 10% 
GPFA-PC blended mortars. An overview of the number of mortar and paste samples 
used in the analytical tests is shown in Figures 3.5 and 3.6.
3.3.1 Paste for standard consistence and setting times
For standard consistence and setting time tests twenty-one MK-PFA-PC pastes with a 
total solids content of 500g were investigated. In addition to the PC control paste, 
pastes were proportioned with four total replacement levels of 10, 20, 30 and 40% by 
mass and for which the maximum MK and PFA levels were 20% and 40% respectively. 
The details of the mix proportions are presented in Table 3.2. Standard consistence
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tests are carried out at [20 ± 2] °C and setting time tests are carried out at [20 ± 1] °C. 
The deionized mix water was allowed to equilibrate to ambient temperature for 24 hours 
prior to mixing. To ensure homogeneous mixtures the PC, PFA and MK were blended 
by hand until a uniform colour was achieved. Mixing was carried out in a Kenwood 
Chef Major KM250 mixer in accordance with BS EN 196-3: 1995, for a total mixing 
time of 3*/4 minutes. The paste was placed in a cylindrical 75 mm diameter by 40 mm 
long mould.




































































































































































































The surface of the paste is smoothed, in preparation for the test to be completed at four 
minutes. Details of the mixing duration are presented in Table 3.3.
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Table 3.3 Mixing duration for standard consistence and setting time in accordance 





Add blend to water
End of adding blend to water
Initial slow mix
Scraping and cleaning of bowl
Second slow mixing
Transfer to mould - Vicat apparatus
4 1 /2 minutes
3.3.2 Paste for heat of hydration
Eight GPFA-PC and twenty-one MK-PFA-PC paste mixes were made up with a total 
binder of 5g. These are presented in Table 3.4 and 3.5.
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The PC, GPFA, PFA and MK were again blended by hand until a uniform colour was 
achieved. The mixture was placed in a test tube and agitated, to allow the water, when 
added, to be distributed evenly throughout the powder. A syringe, holding 2.5g of 
water, with an attached needle was incorporated in the test tube such that the needle 
penetrated the dry powder ready for mixing.


































































































































































































3.3.3 Paste for porosimetry tests
Trial mixes were carried out to achieve workable pastes with w/b ratios of 0.3, 0.4 and 
0.5 being selected. When PC is replaced by MK, at high replacement levels more water 
is required for surface wetting; hence lower w/b ratios than these were not selected.
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Also use of superplasticiser was avoided in order to limit the number of different 
variables. Ten MK-PFA-PC paste mixes were made up each containing 600g of total 
binder, at a 0.4 w/b ratio. These are presented in Table 3.6.
















































































However, due to limited cube storage space available for exposure to seawater and 
sulphate solution, only the PC paste was made up with w/b ratio 0.3 and only 5 with w/b 
ratio 0.5. These are presented in Table 3.7 and 3.8.
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To ensure a homogeneous mixture the PC, PFA and MK powders were blended by hand 
until a uniform colour was achieved. Mixing was carried out in a Kenwood chef major 
KM250 mixer in accordance with EN 196-1: 1994, for a total mixing time of 3 ]/2 
minutes. The pastes were compacted in 25 x 25 x 25 mm perspex moulds on a vibrating 
table. Moulds were covered with cling film to maintain the moisture content of the 
samples. Porosimetry samples were obtained from coring and cutting disks (5 ± 1mm) 
from these cubes (Figure 3.12 (page 88)).
3.3.4 Paste to evaluate sample preparation for porosimetry tests
In order to evaluate the influence of sample preparation on apparent pore structure 
derived from observed porosimetry data a second PC paste mix was made up containing 
12kg of total binder at 0.3, 0.35 and 0.4 w/b ratios. Mixing was carried out in a pan 
mixer in accordance with EN 196-1: 1994, for a total mixing time of 3> l /2 minutes. In 
this case the paste was compacted in 50 x 50 x 50 mm steel moulds on a vibrating table. 
Moulds were covered with cling film to maintain the moisture content of the samples. 
Porosimetry specimens from these cubes were obtained by taking small pieces from the 
centre of fractured cubes (section 3.8.3) and from cored cylindrical disks (section 3.8.1) 
so that a comparison can be made between the two methodologies. It should be noted 
that the volume of the paste in these cubes is eight times that in the 25 x 25 x 25 mm 
cubes and will therefore generate higher internal temperatures.
3.3.5 Mortar for durability studies
Mortars containing binders with four total replacement levels of 10, 20, 30 and 40% by 
mass of PC were investigated together with a PC control mortar. For the binary mortars 
the replacement levels with MK are 5, 10, 15 & 20%, with PFA are 10, 20, 30 & 40% 
and with GPFA are 10, 20, 30 & 40%. For the ternary mortars the total replacement
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levels with MK and PFA together are 10, 20, 30 & 40%. In total, twenty-one MK-PFA- 
PC and four GPFA-PC mortar mixes (mix no's. 6, 7, 8 and 9) were made up each 
containing 491 kg/m3 of total binder, at a w/b ratio of 0.5, and these are presented in 
Table 3.9.

























































































































































































































The compositions were selected to encompass the widest range of variables so that the 
data collected will enable the effect of binder composition on the durability of mortar to 
be effectively evaluated. Selection was also done to compare the variables with 
previous work on similar mortar and paste compositions. In order to assess the 
influence of w/b ratio on performance a further set of twenty-one MK-PFA-PC mortar 
mixes were made up at a w/b ratio of 0.6 with a total binder of 480 kg/m3 these are 
presented in Table 3.10.
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Table 3.10 Mortar mix proportions with w/b ratio 0.6
The binder to sand ratio was maintained constant at 1:3. It was not possible to select 
mixes of lower w/b ratios than these because of the low workability and poor 
compaction at high MK levels. Again use of superplasticiser was avoided in order to 
limit the number of different variables. A direct comparison can therefore be made 
between paste of w/b ratio 0.5 and mortar containing paste with w/b ratio 0.5. Again 
the PC, PFA, GPFA and MK were first blended by hand until a uniform colour was 
achieved. Due to the large quantities being mixed in a single batch the binder and sand 
were first pre-mixed dry in a pan mixer for one minute to ensure a homogeneous 
mixture. Wet mixing was carried out in accordance with EN 196-1: 1994, for a total 
mixing time of 3V2 minutes. The mortar was compacted in steel moulds on a vibrating
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table to ensure good compaction especially for the high MK replacement levels. 
Moulds were covered with cling film to maintain the moisture content of the sample.
In addition a 10% PFA-PC and 10% GPFA-PC blended mortar mix was made up 
containing 491 kg/m3 of total binder, at a w/b ratio of 0.5, with the same composition as 
that shown for mix no. 6 in Table 3.9. In this case the PFA and GPFA had been pre- 
treated (section 3.6) to remove all the residual carbon.
3.4 Exposure and curing environments
The mortar and paste specimens were demoulded after 24 hours and weighed before 
being wrapped in cling film. The specimens were moist cured for 14 days in a closed 
container with water in the bottom to ensure near 100% relative humidity at [20 ± 1] °C 
and then weighed.
One set of 50 x 50 x 50 mm paste cubes (used to evaluate the sample preparation for 
porosimetry) were moist cured for only 7 days. In addition one set of 50 x 50 x 50 mm 
mortar cubes (used to assess if the observed increase in heat of hydration of PC 
containing GPFA has an influence on early strength development in 10% GPFA-PC 
blended mortars) were tested for strength after being demoulded at 24 hours and moist 
cured for 4 days. Also one set of 50 x 50 x 50 mm mortar cubes (used to assess if 
residual carbon present in PFA and GPFA influences strength development in 10% 
PFA-PC and 10% GPFA-PC blended mortars) were tested for strength after moist 
curing was completed. In each case four 50 x 50 x 50 mm mortar cubes were tested to 
provide an average strength value. The (10, 20, 30 & 40% replacement) GPFA-PC 
blended mortars and pastes followed the same extended curing and exposure regime.
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3.4.1 Extended curing
After 14 days moist curing an appropriate number of the 25 x 25 x 25 mm paste cubes, 
the 100 x 100 x 100 mm mortar cubes and the 20 x 20 x 160 mm mortar bars were water 
cured at [20 ± 2] °C for periods of 28, 90, 180, 365, 548 and 730 days (Table 3.11). 
Also some of the 100 x 100 x 100 mm mortar cubes (i.e. those used for strength 
measurement) were water cured but for only four curing periods of 28, 90, 365 and 730 
days. The 0.6 w/b ratio 100 x 100 x 100 mm cubes were omitted from this extended 
curing programme as it was not possible to store a further set of 100 x 100 x 100 mm 
cubes in pure water due to the limited cube storage space available. The 100 x 100 x 
100 mm mortar cubes were cured in a galvanised water tank with the water [20 ± 2] °C 
being renewed on a monthly basis in accordance with BS EN 12390-1: 2000. The tap 
water in the plastic container used to cure the 20 x 20 x 160 mm mortar bars was only 
topped-up but not renewed.
After 14 days moist curing an appropriate number of the 50 x 50 x 50 mm paste cubes 
(used to evaluate the sample preparation for porosimetry) were also water cured but for 
only three curing periods (28, 56, and 90 days). In addition the 50 x 50 x 50 mm mortar 
cubes (used to assess if residual carbon present in PFA and GPFA influences strength 
development in 10% PFA-PC and 10% GPFA-PC blended mortars) were only water 
cured for 14 days (28 days). The 50 x 50 x 50 mm mortar cubes were subjected to 
curing periods of 28, 90, 180, 365, 548 and 730 days.
In each case of the eight 50 x 50 x 50 mm paste cubes (used to evaluate the sample 
preparation for porosimetry), five were strength tested to provide an average strength 
value and three were used to determine development of pore structure. Three 50 x 50 x 
50 mm mortar cubes (used to assess if residual carbon present in PFA and GPFA
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influences strength development in 10% PFA-PC and 10% GPFA-PC blended mortars) 
and two 100 x 100 x 100 mm mortar cubes were strength tested to provide an average 
strength value, but only one 100 x 100 x 100 mm mortar cube per curing regime was 
used to provide a sorptivity value. Three 20 x 20 x 160 mm mortar bars were measured 
every 4 to 6 weeks to provide an average length and weight change. One 25 x 25 x 25 
mm paste cube was used to determine development of pore structure.
3.4.2 Exposure to sodium sulphate solution and to synthetic seawater
After 14 days moist curing an appropriate number of the 25 x 25 x 25 mm paste cubes 
(w/b 0.3, 0.4 and 0.5), 50 x 50 x 50 mm mortar cubes (w/b 0.5 and 0.6) and 100 x 100 x 
100 mm mortar cubes (w/b 0.5) were immersed in 5% sodium sulphate solution or 
synthetic seawater [20 ± 2] °C for periods of 28, 90, 180, 365, 548 and 730 days (Table 
3.12). The 0.6 w/b ratio 50 x 50 x 50 mm mortar cubes were also subjected to the same 
exposure. In addition the 20 x 20 x 160 mm mortar bars (w/b 0.5 and 0.6) were 
immersed in 5% sodium sulphate solution or synthetic seawater [20 + 2] °C for periods 
of up to 120 weeks. The solutions are in accordance with pr ENV 196-X: 1995 as 
shown in Tables 3.13 and 3.14. The quantity of sodium sulphate per litre of water was 
calculated as follows:
16.00g of sulphate (SO42") per litre of de-ionised water (H2O(/) ^ U3 O(aq) + OH~(aq)) 
Sodium sulphate (NaiSO^
Atomic weight
Sodium (Na) = 22.989770 
Sulphur (S) = 32.065 
Oxygen (O) - 15.9994
































































































































































































































































































































































































































































































































































































































































































Materials and experimental methodology Chapter 3
2Na + S + 4O E= (2 x 23) 46 + 32 + (4 x 16) 64 = 142.00g/mol
16 / 96 = 1/6 mol = 1/6 Na2SO4
7.67g Na + 16.00g SO42' = 23.67g of Na2 SO4
23.67g of Na2SO4 per litre of de-ionised water (H2O(/) - H3 O(a<?) +
= 0.16 mol per litre of SO42"
Small plastic containers were used to store each individual set of three 20 x 20 x 160 
mm mortar bars in such a manner that the particular solution has free access to all six 
surfaces. Bars were stored horizontally in a single layer, supported 2 mm above the 
bottom of the container, so that less than 200mm2 of the bottom face of the specimen (or 
6%) is in contact with the support. One litre of solution per container was renewed 
every 28 days.
The mortar cubes were tested in compression to establish the strength development with 
exposure time. The paste cubes were tested to determine development of pore structure 
when exposed to aggressive environments. In each case two 50 x 50 x 50 mm paste 
cubes were tested to provide an average strength value and one 100 x 100 xlOO mm 
mortar cube was used for sorptivity measurements. Three 20 x 20 x 160 mm mortar 
bars were measured every 4 to 6 weeks, using a comparator, to provide an average 
length and weight change. One 25 x 25 x 25 mm paste cube was used to determine 
development of pore structure.
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3.5 Determination of optimum grinding time of PFA
A Grasslin mixermill 2000, with a 1kg capacity, was used to grind the PFA for various 
measured time intervals. Grinding times investigated were 1, 5, 10, 15 and 20 minutes. 
The specific surface of samples (an average of three test results) was measured using a 
Mastersizer 2000 Particle size analyser. The optimum grinding time was taken as the 
time above which further increases in time had negligible effect on particle size. The 
results of grinding on the specific surface of a class F, low lime, PFA for grinding times 
of up to 20 minutes are presented in Figure 3.2. The optimum grinding time for class F, 
low lime, PFA to produce a marked reduction in PFA particle size is fifteen minutes 
(Figure 3.2). Grinding of PFA up to fifteen minutes shows a linear increase in the 











Pfift grinding time (minutes)
20
Figure 3.2 Specific surface of PFA at various grinding times
Longer grinding times of more than fifteen minutes show little significant effect on the 
specific surface of the PFA. Taking into consideration the cost and energy requirement 
for longer grinding times it would be uneconomical for commercial applications to 
extend grinding times of PFA beyond this period.
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Bouzoubaa, et al., (1997) reported that previous studies show that grinding crushes the 
cenospheres and the large particles of FA, resulting in higher specific gravity and 
fineness, and consequently higher pozzolanic reactivity of the FA. The properties of FA 
paste and mortar are affected by the specific surface of the FA because the rate of 
pozzolanic reaction with calcium hydroxide produced during cement hydration is 
determined by the reactive surface available, and because also very fine particles 
provide a filler effect (Paya, et al., 1995). In addition the spherical shape of the 
unground FA particles provides a lubricating effect, improving workability and 
compaction (Paya, et al., 1995). However a negative effect of ground FA-PC mortars 
yield worse workability than those of the non-ground FA-PC mortars (Paya, et al., 
1997). The fifteen minutes ground PFA will be used in mortar and paste for chemical 
resistance monitoring and strength development determination in order to assess the 
influence of grinding and of the PFA particle size on its performance as a pozzolan. 
The GPFA was used in both mortar and paste with four replacement levels of 10, 20, 30 
& 40% by mass of cement and follow identical mix preparation, curing environment 
and test procedures as the MK-PFA-PC mortar / paste employing unground PFA.
3.6 Removal of residual carbon from PFA and GPFA
Each sample was exposed to the atmosphere for 10 hours to equilibrate to a fixed 
moisture content and weight, before heating. The sample was then heated to 450 °C for 
6 hours in a Griffin Electric Furnace, allowed to cool to room temperature, and then 
exposed to the atmosphere for a further 10 hours. The sample was re-weighed and the 
process repeated again to ascertain if all of the residual carbon had actually been 
removed during heating on the first occasion.
The particle size distribution and specific surface were measured, as shown in Table 
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3.15 and Figure 3.3, using a Mastersizer 2000 Particle size analyser before and after the 
removal of residual carbon. The specific surface of the ground PFA is significantly 
reduced (39.71%) when residual carbon is removed. The results suggest that carbon 
particles have become finer (Figure 3.3), by being broken down during grinding, thus 
increasing the surface area (Table 3.15). It is of interest to note, and cannot be 
explained, that the PFA specific surface increases slightly (5.36%) when residual carbon 
is removed.
Table 3.15 Specific surface of PFA and GPFA with and without residual carbon
PFA
PFA with residual carbon removed
GPFA







PFA w ith residual carbon removed
-GPFA
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Particle size (urn) (log)
Figure 3.3 Particle size distribution of PFA and GPFA with and without residual
carbon
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The samples were used to produce mortar with 10% PFA or 10% GPFA replacement of 
PC in order to assess if residual carbon present in the PFA and GPFA influences 
strength development. A flow diagram gives the quantity of mortar and paste samples 
used in the physical and analytical tests and performance / durability test procedures as 
shown in Figure 3.5 and 3.6 and Tables 3.16 and 3.17.
3.7 Physical and analytical test procedures
3.7.1 Standard consistence and setting times
Standard consistence, initial and final setting time tests on the PC, PFA-PC, GPFA-PC, 
MK-PC and MK-PFA-PC pastes were carried out using a Vicat apparatus in accordance 
with BS EN 196-3: 1995. The Vicat tests were started 4 minutes from the addition of 
water. Each test has a specific Vicat attachment as shown in Figure 3.4.
Standard consistence Initial setting time Final setting time
Figure 3.4 Vicat attachments for standard consistency and setting time (BS EN
196-3: 1995)
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3.7.1.1 Standard consistence
Cement paste of standard consistence has a specified resistance to penetration by a 
standard plunger (BS EN 196-3: 1995). The water required to achieve standard 
consistence is determined by trial penetrations of pastes with different water contents 
(BS EN 196-3: 1995). The plunger is set to zero on the scale then released and the 
distance between the bottom of the plunger on the Vicat apparatus and the mould base 
plate is recorded after thirty seconds. The test is repeated with paste containing 
different water contents. The standard consistence is that recorded for the test in which 
the plunger of the Vicat apparatus penetrates the paste to a depth of thirty-four mm (i.e. 
[6 ± 1] mm from plunger to mould base plate) in 30 seconds. The value recorded is an 
average of two equivalent tests. Once the paste's standard consistence has been 
established the setting time can be determined.
3.7.1.2 Initial setting time
The initial setting time is determined from a series of penetration measurements at ten 
minute intervals, of a needle, allowed to penetrate cement paste of standard consistence 
(BS EN 196-3: 1995). The initial setting time is that recorded for the test in which the 
needle of the Vicat apparatus penetrates the paste to a depth of thirty-six mm (i.e. [4 ± 
1] mm from needle tip to mould base plate). The value recorded is an average of two 
equivalent tests.
3.7. 1.3 Final setting time
After determination of the initial set the mould is now inverted and a penetration test 
performed every 30 minutes with the appropriate needle (Figure 3.4). The final set is 
the time taken for the needle ring attachment to fail to make an impression on the 
surface of the paste specimen.
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3.7.2 Heat of hydration
Determination of the heat of hydration of a cementitious material provides information 
on the various hydration reactions. It can be measured using several methods, all of 
which utilize variations of calorimetry. A differential calorimeter (Tonical 7335 Heat 
Flow Differential Calorimeter) was used in this study (as shown in Figure 3.7) to 
measure the quantity of heat arising directly after the reactants were mixed together as 










Measuring cell Operations unit
Figure 3.7 Schematic diagram of Tonical Heat Flow Differential Calorimeter
The heat is detected as variation of the temperature by the thermo sensors and 
continually registered, evaluated and processed by an on-line computer. In a differential 
calorimeter the measuring cell is designed as a twin or differential measuring cell. This 
means that the thermo sensors between the thermoelements and the prepared 
cementitious materials are connected series-opposed (in difference). The heat evolved
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during a reaction is conducted across chains of thermoelements which surround the 
thin-wall metallic cylinder in the measuring cell. The heat output is converted to a 
voltage output (mVolts) which is recorded against time. Applying a known 
thermoelectric coefficient to the voltage output allows the rate of heat evolution (J/gh) 
to be determined. This method is in contrast to adiabatic or semi adiabatic calorimeters 
which do not adapt this measurement principle (Kada-Benameur, et al., 2000).
A test tube, containing the prepared cementitious materials, as detailed in Table 3.4 & 
3.5, is placed into a Tonical 7335 Heat Flow Differential Calorimeter. The lid is placed 
on top of the measuring cell and the temperature is allowed to equilibrate to [25 ± 1] °C 
for approximately one hour in the chamber. When equilibration has been achieved, the 
PC measuring programme is started and the water is injected into the dry hydraulic 
cementitious material. An immediate exothermic reaction takes place, producing heat, 
which is measured relative to the initial equilibrated temperature of [25 ± 1] °C in the 
measuring cell. It is stated (Neville, 1995) that hydration of Portland cement does not 
proceed at a steady rate or even at a steady changing rate. From the time the dry 
cementitious powder first comes into contact with water three peaks in the rate of 
hydration occur in the first three days as shown in Figure 3.8.
The initial peak (1) is very high, corresponding to the initial hydration at the surface of 
the cement particles, largely involving C^A and formation of rods of Aft phase. Also 
the rapid release of calcium hydroxide into the solution from initial C^S hydration 
leaves an outer layer of calcium silicate hydrate, perhaps 10 nm thick (Neville, 1995). 
In addition rehydration of any hemihydrate to gypsum may contribute. The duration of 
the initial peak of hydration is very short, followed by a so-called dormant period during 
which the rate of reaction is quite low. This period lasts between one to two hours
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when the cementitious paste is still workable. The surface layer of C-S-H gel on C3 S 
particles is broken down possibly by the growth of calcium hydroxide or by an osmotic 
mechanism.
10 20 30 
Age-hours
40 50
Figure 3.8 Rate of evolution of heat of Portland cement with water /cement ratio of 
0.4. The first peak of 3200 J/s kg is off the diagram (Neville, 1995)
An increase in heat of hydration follows fairly slowly with the individual products of 
hydration coming into contact with one another, and setting now occurs. The rate of 
hydration hits a second peak at about ten hours, but this can be as early as four hours 
depending on the cementitious materials being investigated. Following this peak the 
rate of hydration slows down over an even longer period, the diffusion through the 
pores in the products of hydration becoming the controlling factor (Neville, 1995). 
With certain cements there is a renewed increase in the rate of hydration up to a third, 
lower, peak between 18 and 30 hours. This peak is related to a renewed reaction of 
C3A, following the exhaustion of gypsum (Neville, 1995). In the current work the rate 
of heat evolution, dQ/dt in J/gh, and the heat of hydration, Q(t) in J/g, was measured for 
approximately 120 hours. The data gained from the PC, PFA-PC, GPFA-PC, MK-PC 
and MK-PFA-PC pastes is then used to assess the influence of binder composition on 
hydration and is also correlated with setting times.
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3.7.3 Thermogravimetric analysis (TGA)
Thermogravimetric analysis (TGA) is a thermal analysis technique used for measuring 
the amount and rate of change in a sample mass as a function of temperature and time. 
TGA can be used to characterise any material that exhibits weight change as a result of, 
for example, dehydration (loss of water of crystallisation) dehydroxylation (loss of OH 
ions), oxidation (e.g. combustion of organic matter), or decarbonation (loss of COi). 
During the hydration of cement a number of chemical changes occur resulting in the 
formation of various phases. These include:
• Formation of ettringite,
• Formation of C-S-H gel,
• Formation of Ca(OH)2 and
• Carbonation of Ca(OH)2 to give CaCOs.
On heating, each of the above phases gives a weight loss over a specific temperature 
region due to either partial or total decomposition. The weight loss results from the loss 
of water (dehydration or dehydroxylation) or carbon dioxide (from decarbonation). 
From the thermogravimetric measurements it is therefore possible to estimate, and in 
some cases accurately determine, the amount of each phase which is present at different 
stages of the hydration process. In thermal analysis tests the specimens are heated at a 
constant rate and the weight changes can be recorded in two ways - (i) percentage 
weight loss against temperature (TG), and/or (ii) rate of loss in weight against 
temperature (DTG), this being the derivative of the above curve in (i).
A weight change at a specific temperature produces a step in (i) and a peak (maximum) 
in (ii). The curves are useful in illustrating the manner in which the amount of any 
particular phase present changes with curing time, and also in providing reliable
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quantitative data giving the actual amounts of particular phases present. However, this 
technique requires a previous knowledge of the chemical composition of the individual 
phases and their characteristic TG and DIG curves or decomposition temperature.
There are a number of factors that influence the values of the peak temperatures 
observed on DTG plots:
• The amount of the sample being tested,
• The heating rate,
• The furnace atmosphere,
• The particle size of the sample and
• The degree of crystallinity of the compound being tested.
In order to ensure consistency the first three of the above factors were standardised 
throughout the testing period. The last two factors depend on the nature of the starting 
material and the physical and chemical changes that occur with time and cannot 
therefore be standardised.
The current TGA work was carried out using a thermogravimetric analyser Hi-Res™ 
TGA 2950 with a TA5000 Thermal Analysis controller and appropriate software. The 
heating rate was chosen as 10 °C per minute to within a temperature range of 25 to 1000 
°C. The samples were dried and stored individually in small plastic bags. After drying 
to constant weight at 40 °C over carbosorb and silica gel each sample was ground for 20 
seconds to a fine powder using a Grasslin mixermill 2000, with approximately lOmg of 
the sample being transferred to an alumina pan, with a lid, which was then heated in a 
argon atmosphere. Weight loss and temperature increase is logged during the test and 
plots of the TGA weight loss curve (%) and the derivative weight loss curve (DTG) 
(dw%/dt°C) are produced with respect to temperature. The former plots the total weight
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loss in percent over the temperature range to which the sample was subjected, whereas 
the latter shows the derivative of the weight loss with increase in temperature, resulting 
in a graph with pronounced peaks, allowing conclusions and calculations to be made as 
to the identity and quantity of particular compounds or phases present. For example 
weight loss due to dehydroxylation of Ca(OH)2 occurs between 400 and 500 °C. An 
example of dehydroxylation of Ca(OH)2 is given in Figure 3.9.










Figure 3.9 TG Curve of Ca(OH)2 in an alumina crucible with lid







In this case total moisture loss = 18 amu / 74 (total) amu = 24.32% relative to the 
Ca(OH)2 molecule. Figure 3.9 shows the total weight loss to be 26.79%, which appears
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to be in satisfactory agreement to the calculated result. However it is only peak 1 on 
Figure 3.9 that represents weight loss due to loss of water (weight loss = 19.45%). The 
peak 1 weight loss of 19.45%, is equal to 74/18 x 19.45 = 79.96% of Ca(OH)2 . The 
other 7.344% weight loss (peak 2) has occurred due to CO2 loss, implying that the 
Ca(OH)2 had undergone a degree of carbonation before testing.
Using simple calculations, one can determine theoretically how much of the hydrated 
lime has carbonated.
CaCO3 -> CaO + CO2
40 + 12 + 48 56 44
100 56 44
Therefore, 44 (amu)/100 (amu) = the fractional loss of weight due to CO2 loss relative 
to CaCO3 = 44%. If peak 2 shows a weight loss of 7.344%, then in reality 7.344/44 x 
100=16.69%ofCaCO3 .




In the current work TGA will be used to check if the deposits that appear on the surface 
of cubes and bars exposed to synthetic seawater are brucite and gypsum.
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3.8 Performance / durability test procedures
3.8.1 Porosiraetry
The internal structure of a cementitious material is a function of its pore system and 
strongly influences its physical and mechanical properties. For example compressive 
strength and durability are very closely related to its pore structure. Mercury intrusion 
porosimetry (MIP) is a frequently used method for the study of the pore structure 
characteristics of cement-based materials. However MIP results can be affected by a 
number of experimental factors, for example sample preparation, rate of pressure 
application, forms and types of sample, contract angle, and sample-drying techniques. 
Usually a small specimen is first dried to remove the existing fluid held in the pores. It 
is weighed, transferred to a vessel that is then evacuated and mercury is introduced to 
surround the specimen. Mercury does not wet cementitious solids spontaneously, it 
does not intrude into the empty pores unless pressure is applied (Diamond, 2000). 
Pressure is then applied to the mercury in progressive steps, and the intrusion of 
mercury at each of these steps is recorded. The set of pressure steps and corresponding 
volumes intruded provides the basic data for pore size distribution calculations.
However the mercury intrusion data requires the application of the Washburn equation 
to estimate the diameter of cylindrical pores intruded at each pressure step. In fact 
Diamond, (2000) suggests that intrinsic pores in hydrated cement systems fail to fulfil 
the requirements of the Washburn equation. MIP measurements of pore size 
distribution systematically misallocate the size of almost all of the volume of pores in 
hydrated cementitious material, and assign them to smaller values equivalent to that of 
the threshold diameter regardless of their actual sizes. It appears that the failure of the 
MIP method with cement systems is intrinsic rather than accidental, and derives from
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lack of direct accessibility by the mercury to most of the pore volume (including air 
voids) (Diamond, 2000). Nearly all the pores are in the interior of the cementitious 
material, and most of them can be reached through long percolative chains of 
intermediate pores of various shapes and sizes by the mercury under pressure. Also 
when pastes mature the capillary pores can become blocked by gel and segmented, they 
become interconnected solely by gel pores (Neville, 1995) and the percolative chain 
could be blocked by much finer connections at practically each step (Diamond, 2000).
Air voids, present in pastes are intruded after the threshold pressure is reached, and are 
not generally recognised as such in the MIP plots. Diamond, (2000) concludes, based 
on these facts, that MIP measurements are useful only to provide threshold diameter and 
intrudable pore space measurements (as investigated in the current research). These can 
serve as comparative indices for the connectivity and capacity of the pore system in 
hydrated cements. Diamond, (2000) recommends that MIP measurements should be 
abandoned as measures of actual pore sizes present and their distribution in hydrated 
cement systems.
Paste was selected, on which to carry out Porosimeter measurements, in order to 
eliminate interfacial zone effects. For example within concretes, the mortar adhered to 
coarse aggregate is more porous than the mortar within a region devoid of coarse 
aggregate (Laskar, et al., 1997). This is due to the fact the transition zone present 
between the boundary of course aggregate and the bulk mortar matrix is also included in 
samples containing coarse aggregate (Kumar and Bhattacharjee, 2003). As the 
transition zone is more porous with coarser porosity than the bulk mortar present in the 
interior of the concrete a region of relatively coarser porosity is detected on porosimeter 
outputs. The same phenomenon occurs with respect to fine aggregate particles in
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mortar relative to the bulk paste. Thus in mortars and concretes, due to the interfacial 
zone effects a small but significant proportion of the total intrusion takes place at 
pressures lower than the threshold pressure. Hence the threshold effect is less sharply 
defined and more difficult to quantify, as shown in Figure 3.10. On this basis 
porosimetry measurements in the current work, including threshold diameter, were 











Figure 3.10 Schematic diagram of the threshold radius of paste and mortar. The 
mortar threshold radius is less sharply defined and more difficult to quantify
Specimens for porosimetry were taken from paste cubes of 25 x 25 x 25 mm subjected 
to the action of sodium sulphate solution, synthetic seawater and tap water for periods 
of up to 18 months.
An initial trail was conducted to investigate a cutting procedure that would produce 
whole cores. The paste cube was held by a jig (Figure 3.1 l(b)) and machined dry on a 
Harrison M300 centre lathe (1000 - 1500 RPM) (Figure 3.11 (a)). A very sharp high 
speed steel cutting tool (Sandvik K10 CCMW 0.4 carbide tip) was used to produce the 
[8 ± 0.5] mm cylindrical cores. The lathes tail-stock was aligned to the chuck centre to
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keep the core parallel to reduce breakages. As the diameter of the core was reduced the 
core loses the resistance of deflection. Because of the porosity and brittleness of the 
specimen the cutting forces generated by the lathe tool will shear the specimen.
Figure 3.11 Preparation of a [8 ± 0.5] mm diameter core
To maintain the resistance of deflection the cores were machined to [8 ± 0.5] mm in 
diameter in 5 mm sections (Figure 3.11 (a)) until the overall length was achieved. The 
resistance of deflection in certain compositions could not be sustained with the cores 
breaking into sections or disintegration occurring (as observed in certain PFA, MK and 
PFA-MK blended pastes at higher replacement levels) so this methodology was 
abandoned.
A further trial was conducted, that was used thoughout the present research, using a 
corer to remove the problem of resistance to deflection. A 25 x 25 x 25 mm paste cube 
is held in a clamping jig as shown in Figure 3.12(a). The clamping jig is held in a three 
jaw chuck to prevent disintegration of the cube occurring during cutting. The clamping 
jig was made out of a 30mm socket with two clamping screws set at right angles. The 
socket had its base machined flat and the diameter of the hole in the base of the socket
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increased to allow clearance for the depth of the corer and to allow the base of the cube 
to sit flush on the base of the socket. This allowed the corer to remove the [8.0 ± 0.5] 
mm cylindrical core (Figure 3.12(d)) completely from the cube centre. The cubes are 
machined wet (water was used instead of an oil based lubricant as it is easily removed 
from pore space) on a Harrison M300 centre lathe (1200 RPM) using a wet diamond 
core bit (length 150 mm) held in the tail-stock.
The [8.0 ± 0.5] mm cylindrical cores were placed into a steel jig, as shown in Figure 
3.12(b), and clamped into position to prevent the core from being damaged by vibration 
caused during cutting by the diamond cutting disk. A [5 ± 1] mm disk (0.4 - 0.8g) was 
then wet cut from the centre of each cylindrical core (Figure 3.12(c)). using an Evans 
Lapidary STS 10 SAW machine. Any burrs left from the cutting action of the blade 
were filed to produce a flat surface on the disk see Figure 3.12(e). The paste disks were 
dried and stored, as described in section 3.8.4, individually in labelled small plastic 
bags.
Two Fisons (Italy) instruments were used for MIP, a Macropore Unit 120 and a 
Porosimeter 2000WS. A disk was weighed and inserted into the dilatometer bulb. To 
ensure a good seal the neck of the dilatometer stem was smeared with silicone grease 
before coupling with the dilatometer bulb. The assembled dilatometer and sample was 
then weighed. The dilatometer containing the sample was filled with mercury under 
vacuum by the macropore unit. Macropore measurements were performed by slowly 
releasing the vacuum and recording the intruded pore volume at regular increments. 
The macropore measurements were completed when atmospheric pressure was achieved 
within the dilatometer. Once the macropore measurements were completed the 
dilatometer containing the sample and mercury were re-weighed.
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25 x 25 x 25 mm 
paste cube
[5.0 ± 1.0] mm disk cut from the 




[8.0 ± 0.5] mm diameter cylindrical core 





Mercury intrusion porosimetrysi [5.0 ± 1.01 mm disk
[8.0 ± 0.5] mm diameter 
cylindrical core cut from the 
centre of a 25 x 25 x 25 mm 
paste cube
Figure 3.12 Sample preparation for MIP investigation
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The apparatus was then transferred to the Porosimeter unit where the high pressure 
measurements were performed. The sample data from the macropore unit was entered 
into the software programme before commencing the high-pressure measurements. The 
high-pressure measurements were automatically recorded via a computer. The 
Porosimeter unit has an upper pressure limit of 200Mpa (2000 bar) and can measure 
pores with radii greater than 0.004um (4nm).
The pore radii were calculated, by the PC software, utilising the Washburn equation, as 
follows:
r = (2cr cos 9) 
P
(Washburn, 1921)
Where r is the pore radius, cr is the surface tension of the liquid (0.48 N/m for mercury), 
0 is the solid / liquid contact angle (taken as 141°) and P is pressure Pa.
The equation assumes that the pores present are cylindrical although in practice this is 
accepted as not being the case. In fact Diamond, (2000) points out that capillary pores 
are in practice not cylindrical with fixed diameters but consist of long percolative chains 
made up of pores of various sizes. Along these pore chains will be constrictions, which 
Diamond calls "choke points", where the pore diameter is very narrow. Diamond 
equates the pore diameter at the "choke points" with the threshold radius and presents 
evidence to show that when the mercury pressure is sufficient to allow 'Darcy flow' 
through these constrictions, a large proportion of the whole system is simultaneously 
intruded, which produces a very steeply rising cumulative pore volume versus pore 
diameter curve. This will of course still exclude pores finer than the threshold diameter 
or pores linked by constrictions finer than the threshold diameter. These very fine pores
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will include 'gel pores' which are assumed to have diameters of the order of l-3nm 
(Hearn and Young, 1999) and require entry mercury pressures in excess of most 
commercial porosimeters. In the current work MIP will be used to look at threshold 
values and cumulative pore volume, as suggested by Diamond, (2000), in hydrated, PC, 
PFA-PC, MK-PC and MK-PFA-PC, pastes. This data will be used, with compressive 
strength and sorptivity data, to assess the durability of PC, PFA-PC, MK-PC and MK- 
PFA-PC mortars.
3.8.1.1 Evaluation of sample preparation for Porosimetry test
Normally samples for porosimetry would be taken from compression tested (crushed) 
cubes but a new sampling technique using paste disks has been developed by the author. 
This new method using cored and cut paste disks is evaluated to assess the difference, if 
any, in pore structure between the cored and cut samples and the crushed samples. 
Specimens for porosimetry were taken from paste cubes (w/b ratios 0.3, 0.35 and 0.4) of 
50 x 50 x 50 mm cured in pure water for periods of up to 90 days. Three cylindrical 
cores had one 5mm disk cut from the centre as described in section 3.8.1. Also 3 
samples were collected from compression-tested (section 3.8.3) paste cubes. The paste 
samples were dried and stored, as described in section 3.8.4, individually in a labelled. 
small plastic bag.
Three cored and cut disks and three crushed samples of paste were used to measure the 
threshold radius and total cumulative pore volume (see Diamond, 2000). The data are 
presented in Figure 3.13. The graphical data for the pore volume (%) comprising pores 
of < 0.05 urn radius are presented in Chapter 6 because Diamond (2000) reports that 
pore size distribution systematically misallocates the size of almost all of the volume of 
pores in hydrated cementitious material, and assigns them to smaller values equivalent




















































































































































































































































































Materials and experimental methodology Chapter 3
to that of the threshold diameter regardless of their actual sizes. Overall the crushed 
samples show a higher threshold radius and higher total cumulative pore volume than 
the cored and cut samples for specimens cured up to 90 days at all three w/b ratios. The 
difference in values of the porosity of crushed paste samples relative to cored and cut 
paste samples is attributed to widescale microcracking in the former. Scanning electron 
micrographs of the polished samples (Figure 3.14(a)) show that during failure of the 
cubes under compressive loading microcracks develop thus modifying the pore 
structure. These networks are absent in the cored and cut samples which only show 
isolated cracks (Figure 3.14(b)). More detailed investigation of this microcracking is 
the subject of a future study. Cored and cut paste disks were used to determine the 
threshold radius and cumulative pore volume of the binary and ternary pastes.
Figure 3.14 Figure 1.15 SEM graphs of PC paste that has been subjected to (a) 
compressive strength test (highlighted microcracks) and (b) a cut and core sample
3.8.2 Expansion and weight change measurements
Cement mortars or concretes subjected to sulphate attack in sulphate bearing 
environments can undergo a progressive and profound reorganisation of their internal
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microstructure. For example, cement mortars or concretes subjected to sulphate attack 
are often found to be suffering from swelling, spalling and cracking. The sulphate 
attack leads to the conversion of hydrated products of the cement to ettringite, gypsum 
and other phases, and also to the destabilisation of the primary strength providing C-S- 
H gel. The expansion seen in hardened cementitious materials results from the 
formation of these two compounds, although the exact mechanisms continue to be a 
subject of discussion and controversy. When the sulphate solution contains magnesium 
ions, such as seawater, the formation of magnesium hydroxide (brucite) and the 
conversion of C-S-H into magnesium silicate hydrate (M-S-H) is observed. Santhanam 
(2003) suggests that the expansion of mortar specimens in sodium sulphate follows a 
two stage process. During the initial stage (Stage 1), the expansion is very low. This 
period of low expansion is followed by a sudden increase in the expansion (Stage 2). In 
this second stage, the rate of expansion is nearly constant until failure. In contrast 
expansion in magnesium sulphate solution occurs at a continuously increasing rate and 
the characteristic two stages associated with sodium sulphate solution are not present.
In the current work mortar bars were exposed to sulphate solution or synthetic seawater 
or tap water and their length measured on a comparator (Figure 3.15), to assess the 
durability of the hydrated PC, PFA-PC, GPFA-PC, MK-PC and MK-PFA-PC mortars, 
when exposed to these aggressive agents.
A 160 mm reference rod with a ballbearing inserted at either end was placed into the 
comparator as shown in the schematic diagram in Figure 3.15. The reference rod is to 
calibrate the apparatus to a standard measurement before measuring the mortar bars. 
Two ballbearings were inserted into the stainless steel pins, one situated at either end of 
the mortar bars. The mortar bars, with ballbearings, were inserted into the comparator.
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Each mortar bar was rotated through 360 degrees on four occasions to establish a 
minimum reading of the comparator to the nearest 0.002 mm. This minimum reading 





Mortar bar to 
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Figure 3.15 Schematic view of the comparator used to measure length change of
mortar expansion
The roundness of the ball bearings used on the comparator are important for a set 
measurement to be established using a standard measuring rod before measuring the 
mortar bars which could show expansive traits. The roundness of the two ballbearings 
used on the comparator are measured using a Talyrond Rank Taylor Hobson (Leicester) 
measuring machine at a 1000 magnification. The variation in roundness of the 
ballbearings is about 3.0 um as shown in Figure 3.16. The results indicate that 
variations in measurements due to using these ballbearings are negligible.
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Figure 3.16 Roundness of a ballbearing measured by a Talyrond Rank Taylor 
Hobson (Leicester) at a 1000 magnification
The lengths of the 20 x 20 x 160 mm bars were monitored (w/b ratio 0.5 for 840 days 
and 0.6 for 730 days) every 4 to 6 weeks and their weight change was also noted. When 
the bars had expanded to such an extent that they could not fit into the comparator or 
had lost their physical form (as shown in Figure 3.17) they were deemed to have failed 
and were discarded.
Figure 3.17 Loss of physical form in 5% MK - 95% PC blended mortar (w/b ratio 
0.6) when exposed to sulphate solution for 52 weeks
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3.8.3 Compressive strength
According to Neville (1995) the strength of concrete is commonly considered to be its 
most valuable property, although, in many practical cases, other characteristics, such as 
durability and permeability, may in fact be more important. Compressive strength tests 
are easy to perform and because many, though not all, of the desirable characteristics of 
concrete are qualitatively related to its strength, strength testing is used as a general 
performance indicator of concrete. Strength testing is of course also essential because 
of the intrinsic importance of the Compressive strength of concrete in structural design. 
Strength usually gives an indication of the overall quality of the hardened cementitious 
material because strength is directly related to the hydrated cement paste. Strength 
measures the resistance of a hardened cementitious material to failure, given by the 
applied stress (or load per unit area). The strength of mortar will be affected by the 
cement content of the mix, the water/cement ratio, the proportion of cement to sand and 
the properties of the sand (Gani, 1997). When mortar is exposed to aggressive 
environments one type of sulphate attack takes the form of a progressive loss of strength 
and mass due to the deterioration in the cohesiveness of the hydrated cement (Al- 
Dulaijan, et al., 2003). In the current work Compressive strength tests, with sorptivity 
and porosimetry data, will be used to assess the durability of the PC, PFA-PC, GPFA- 
PC, MK-PC and MK-PFA-PC hydrated mortars when exposed to aggressive 
environments.
Mortar cubes were tested using an Avery-Denison compression-testing machine in 
accordance with BS 1881: part 116: 1983 to determine their compressive strength. A 
constant loading rate of 180 kN/min was employed for the 100 x 100 x 100 mm 
specimens and 45 kN/min for the 50 x 50 x 50 mm specimens. Strength values are the 
average for two cubes per test and a correction factor of 0.98 was applied to the 50 x 50
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x 50 mm cube strength values to account for the effect of size on strength and to make 
them equivalent to the 100 x 100 x 100 mm cube strength values. The correction factor 
was determined by dividing the average strength of six 50 x 50 x 50 mm cubes and six 
100 x 100 x 100mm cubes of the same standard mortar (moist cured for 14 days and 
then transferred to water for 14 days) cured for 28 days.
A further set of 50 x 50 x 50 mm mortar cubes were tested, with each strength value 
represented by an average of four cubes per test. These data were used to assess if the 
observed increase in heat of hydration of PC containing GPFA has an influence on early 
strength development in 10 % GPFA-PC blended mortars.
Also a further set of 50 x 50 x 50 mm mortar cubes were tested, with each strength 
value represented by an average of three cubes per test. These data were used to assess 
if residual carbon present in PFA and GPFA influences strength development in 10% 
PFA-PC and 10% GPFA-PC blended mortars.
3.8.3.1 Strength deterioration factor (SDF)
The strength deterioration factor or SDF was used as an indicator of strength loss of 
seawater exposed mortar relative to equivalent water-cured mortar at particular 
exposure periods (28, 90, 365 and 730 days). Strength values (N/mm2) are the average 
of two cubes per test.
SDF =
<7st (Strength in seawater) 
crwt (Strength in water)
xlOO
(Bai, et al., 2003)
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In the current work SDF was used to assess the durability of the PC, PFA-PC, GPFA- 
PC, MK-PC and MK-PFA-PC hydrated mortars when exposed to sulphate solution and 
seawater.
3.8.4 Sorptivity measurements
O'Farrell, et al., (2001b) states that it is generally accepted that the durability of mortar 
and concrete depends largely on the movement of water and gas through it. For 
example, deterioration due to chloride ions from seawater is caused by the transport of a 
chloride solution into the material. The uptake and transport of water and gaseous 
substances into cementitious material is therefore extremely important. For above 
ground structures an important parameter (which is directly related to durability) is 
sorptivity.
Sorptivity, or capillary suction, is the transport of liquids in porous solids due to surface 
tension acting in capillaries and is a function of the viscosity, density and surface 
tension of the liquid and also the pore structure (radius, tortuosity and continuity of 
capillaries) of the porous solid (O'Farrell, et al., 2001b). It is measured as the rate of 
uptake of water per unit area and has the units g/mm2/s° 5 . After an initial period of 
sorption the rate of ingress observed decreases as the water has filled the large capillary 
pores. The decrease in the gradient of the straight line portion of the water uptake 
versus square root of time indicates that sorptivity is now occurring via the finer pores. 
The matrix structure of the mortar that determines sorptivity is the pore system of the 
cement paste. This means that sorptivity can in principle be related to the strength of 
mortar. In fact Gopalan, (1996) relates decrease in sorptivity with a linear increase in 
strength. Other factors that affect sorptivity in mortar or concrete are water/cement 
ratio, curing environment, compaction, and age of material (O'Farrell et al., 2001b). In
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the current work sorptivity measurements, with compressive strength and porosimetry 
data, will be used to assess the durability of PC, PFA-PC, GPFA-PC, MK-PC and MK- 
PFA-PC hydrated mortars and the effect that the pozzolans have on durability.
Specimens for determination of sorptivity were taken from the 100 x 100 x 100 mm 
mortar cubes that were subjected to the action of sodium sulphate solution, synthetic 
seawater and tap water for periods of up to 18 months. Cylindrical cores 75 mm in 
diameter were cut along the cube centres (cast face was parallel to the direction of 
coring) using a Qualters and Smith R3 radial drill. Two 30 mm thick disks were then 
wet cut from each cylinder one from the outer surface and one from the middle of the 









75 mm Diameter 
cylindrical core cut 
from the centre of a 
100 x 100 x 100 mm 
mortar cube
Figure 3.18 Schematic view of sample preparation for sorptivity investigation
As sorptivity is a measure of the rate of ingress of water into the mortar pore system it is 
essential that all specimens are dried to the same moisture content in order to compare 
sorptivities between different samples. For example to take an extreme case, if for two
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samples one was in a saturated state and the other had been oven dried the former would 
show zero sorptivity (because its pores would be full of water) and the latter would 
show an excessively large sorptivity (because the pores would contain no water and the 
dehydrated C-S-H gel would reabsorb water). Thus the mortar disks were dried for 70 
to 100 days at 40 °C in a temperature controlled Townson & Mercer drying cabinet over 
silica gel and carbosorb to a constant weight, as shown in Figure 3.19, to equilibrate to a 
standard moisture content. The silica gel was renewed every one/two days. After 
drying the six specimens were wrapped in cling film and labelled before being stored in 
airtight container over silica gel and carbosorb (soda lime) to maintain a standardan ir
moisture state and prevent carbonation which reduces sorptivity (Bai, et al., 2002b).
- Water - Disk 1 Outer
-Water - Disk2 Mddte
- Sulphate - Disk 1 Outer —•— Seawater - Disk 1 Outer
- Sulphate - Disk 2 Wlddte -o— Seaw ater - Disk 2 Mddte
- 4
40 60 80 100 120 140 160 180 200
Figure 3.19 Weight loss (%) during dryings for 75mm diameter 30mm thick PC
mortar disks initially moist cured for 14 days followed by exposure (water /
seawater / sulphate) for 14 days
Individual specimens were placed onto an aluminium holder over a water reservoir 
which rests in a horizontal position as shown in Figure 3.20. Water at room temperature
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was added to the reservoir until it reached approximately 5 mm below the specimen's 
surface. The weight detecting system was activated and the water was slowly added by 
running it down the side of the reservoir until it came into contact with the underside of 
the specimen, when an immediate increase in the balance reading was observed due to 
surface tension effects. The test surface was examined to ensure that no air bubbles 
were trapped under the specimen. If this occurred the test was abandoned for this 
sample. In this study the weight measurements were taken at one-minute intervals over 
a total of approximately one hour, with a mass change in the range of 7 - 1 Og. The 
volume of water was sufficiently large to ensure that any change in buoyancy of the 
specimen being tested was negligible. The experimental apparatus and methodology are 
identical to that used by Sabir, et al., (1998).
Support frame
Figure 3.20 Schematic diagram of the apparatus used to measure the sorptivity of
mortar disk (Sabir, et al., 1998)
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4.1 Hydration
The results from standard consistence, setting times, and heat of hydration tests are 
presented and discussed in the following sections.
4.1.1 Standard consistence and setting times
The results from standard consistence, initial and final setting time tests are presented 
and discussed below
4.1.1.1 Standard consistence of binary MK-PC and PFA-PC pastes
The results showing the w/b ratios at standard consistence for the different binary pastes 
are presented in Figure 4.1. In MK binary pastes (Figure 4.1 (a)) the w/b ratio needed to 
give standard consistence increases with increasing MK replacement levels, whereas 
with PFA binary paste (Figure 4.1(b)) the w/b ratio needed to give standard consistence 
is similar to that for PC at all replacement levels.
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Figure 4.1 w/b ratios at standard consistence for binary MK-PC and PFA-PC
pastes
4.1.1.2 Standard consistence of ternary MK-PFA-PC pastes
The results showing the w/b ratios at standard consistence for the different ternary MK- 
PFA-PC pastes are presented in Figure 4.2. In ternary MK-PFA-PC paste the w/b ratio 
for standard consistence increases with increasing MK replacement level. More water 
is required for the wetting of the MK surface than that of the PFA or PC because of its 
much larger surface area.
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Figure 4.2 w/b ratios at standard consistence for binary and ternary MK-PFA-PC
pastes
Vu, et al., (2001) also reported data on standard consistence of pastes with binary kaolin 
- PC blends as binders with up to 40% replacement of PC by calcined kaolin (K). Over 
the replacement range of 10 to 40% replacement of PC by MK the w/b ratio at standard 
consistence varied from 0.3 to 0.45. These results, which are similar to the results 
obtained by the author for the PC and binary MK-PC blended pastes with up to 20% PC 
replacement with MK, also indicated that the workability of the MK-PC blended pastes 
can be improved by partially replacing the MK with PFA.
4.1.1.3 Initial and Final setting time of binary MK-PC and PFA-PCpaste
Figure 4.3 shows the change in initial and final setting time at standard consistence of 
binary MK-PC and PFA-PC paste compositions. For the binary MK - PC blends 
(Figure 4.3(a)) the initial setting time shows a substantial increase at 5% MK and then 
decreases slightly at 10 and 15% before increasing further at 20% MK. A similar trend 
but more well defined is also observed for final setting time in Figure 4.5. This 
suggests that the MK is contributing to and influencing hydration in a non-systematic
Hydration, pore development and chemical resistance of MK-PFA-PC blends 105
Physical properties Chapter 4
manner. For the binary PFA - PC blends the initial setting time shows a slight increase 
at 10% PFA and then systematically increases with increase in PFA content up to 40% 
PFA.
(a)MK
- Initial setting time —«— Final setting time
(b) PFA
5 10 15 
MK replacement level (%)
- Initial setting times —•— Rnal setting times
10 20 30 
PFA replacement level (%)
40
Figure 4.3 Initial and final setting times for binary MK-PC and PFA-PC pastes 
4.1.1.4 Initial and final setting time of ternary MK-PFA-PC paste
Figure 4.4 shows the change in initial setting time at standard consistence of ternary 
MK-PFA-PC paste compositions and Figure 4.5 shows the final setting time of ternary 
MK-PFA-PC paste compositions.
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Figure 4.4 Initial setting times for binary and ternary MK-PFA-PC pastes
For ternary binders with a fixed MK content the general trend of increasing setting time 
(initial and final) with increasing PFA content is still maintained. However the way in 
which each setting time - PFA content curve shifts as the MK content increases is again 
non-systematic and mirrors approximately the way in which the setting time of the 
binary MK - PC blends vary with increasing MK content (Figures 4.4 and 4.5). That is 
a significant increase in setting time when 5% MK is incorporated, very little further 
change in setting time (or a reduction in setting time for the lower PFA levels) when 
10% or 15% MK are incorporated and then a further increase in setting time when 20% 
MK is incorporated.
Brooks, et al., (2000) reported initial and final setting times of mortar with binary MK - 
PC blends as binder and with up to 15% replacement of PC by MK. However the 
authors used superplasticiser in the mixes and did not exceed 15% PC replacement. 
Interestingly however their results also showed a drop in both initial and final set at 
15% replacement. This was in contrast to the other mineral admixtures investigated 
(SF, FA and GGBS) which all showed increasing setting times with increasing 
replacement level and with higher effective superplasticiser (SP) dosage. The authors
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suggested that the anomalous behaviour at 15% MK content might be due to the 
increased water demand which produces a denser binder phase that speeds up setting, 
this effect being offset by lower PC content and the higher effective SP dosage.
-10 —.— 20 - 30 — x— 40 (%) total replacement level
0% MK
10 15 20 25 30 
PFA replacement levels (%)
35 40
Figure 4.5 Final setting times for binary and ternary PC-FA-MK pastes
However in the current work where no SP was used there is a further marked increase in 
setting time at 20% MK replacement level even though there is still a fall in setting time 
at the 15% MK level. Brooks, et al., (2000) also pointed out that the effect at around 
15% MK was peculiar to the MK pozzolan and did not occur with SF which is also a 
highly active pozzolan. This again suggests that the MK is having a very significant 
and non-systematic influence on the hydration process even when combined with PFA. 
It is intended that the calorimetry studies will provide additional evidence with respect 
to the hydration of the binary and ternary pastes.
4.1.2 Heat of hydration
The rate of heat evolution (J/gh) and the heat of hydration (J/g) data are given as per 
gramme of binder. The binary and ternary blended pastes results are presented in 
Figures 4.6 to 4.14.
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4.1.2.1 Rates of heat evolution of binary MK-PC and PFA-PC paste indicated by the 
first and second peaks
Figures 4.6 and 4.7 show the rates of heat evolution of the binary MK-PC and PFA-PC 
pastes. The rate of heat evolution can have three peaks but in the current work with 
binary pastes only two appear. The first peak (Figure 4.6(b)) occurs within the first four 
minutes with the second peak (Figure 4.6(c)) occurring between 7 to 10 hours. The two 
peaks are plotted on separate graphs to highlight the variations in heat output for up to 
60 hours.
The total heat evolved and the rate of heat evolution from hydrating PC-pozzolan blends 
depends on the type of pozzolan and the PC substitution level (Bai and Wild, 2002). PC 
replacement with a pozzolan can change a number of processes, contributing to the heat 
output from the hydrating system. The initial peak (Figure 4.6(b)) which is very high 
and occurs for a short period of time happens when water comes into contact with the 
dry cementitious powder. Heat generation corresponds to the initial hydration at the 
surface of the cement particles, largely involving CsA and the formation of rods of Aft 
phase. Also the rapid release of calcium hydroxide into the solution from initial CsS 
hydration leaves an outer layer of calcium silicate hydrate, perhaps 10 nm thick 
(Neville, 1995). In addition rehydration of any hemihydrate to gypsum may contribute. 
The first peak is followed by a so-called dormant period when the rate of reaction is 
quite low. This period lasts for about one to two hours when the surface layer of C-H-S 
gel on the C3 S particles is broken down possibly by the growth of calcium hydroxide 
and / or by an osmotic mechanism. An increase in heat of hydration follows fairly 
slowly with the individual products of hydration gradually coming into contact with one 
another. In the current work the rate of hydration hits a second peak (Figure 4.6(c)) 
between seven and ten hours. Following this peak the rate of hydration slows down
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over an even longer period, the diffusion through the pores in the products of hydration 
become the controlling factor (Neville, 1995).
4.1.2.1.1 Rates of heat evolution of the binary MK-PC paste indicated by first and 
second peaks
The changes in binary MK-PC rates of heat of evolution indicated by both the first and 
second peaks are presented Figure 4.6(a). The rate of heat evolution for the PC control, 
indicated by the first peak (Figure 4.6(b)), is above those for all the binary MK-PC 
pastes. Also the rate of heat of evolution for the binary MK-PC pastes is systematically 
reduced as the replacement level increases up to a maximum of 15% MK but at higher 
replacement levels (20% MK) a reverse in trend is observed with the rate of heat 
evolution rising above that at the 10% replacement level. Thus with respect to the rate 
of heat evolution per gramme of binder the MK has a significant retarding effect at low 
replacement levels (up to 15% MK) but the effect is less at high replacement levels 
(20% MK). In contrast the initial rate of heat evolution indicated by the second peak 
(Figure 4.6(c)) is very similar to that of the PC control for all MK replacement levels 
other than the 15% MK paste which again shows some initial retardation.
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Figure 4.6 Rates of heat evolution of binary MK-PC pastes indicated by (b) first
and (c) second peaks
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4.1.2.1.2 Rates of heat evolution of binary PFA-PC pastes represented by the first 
and second peaks
The changes in the rates of heat of evolution in binary PFA-PC pastes indicated by the 
first and second peaks are presented in Figure 4.7(a). Surprisingly, for the first peak 
(Figure 4.7(b)), although as expected the PC control shows the highest rate of heat 
evolution, the degree of retardation produced by the binary PFA-PC binders is much 
less than for the MK-PC binders and for 40% replacement by PFA there is very little 
retardation. Generally as replacement levels of PFA increase above 10% the rate of 
heat evolution increases, whereas for MK replacement between 5 and 15% the rate of 
heat evolution decreases. In the dormant period (or induction period after the first peak) 
in which the rate is very slow, an increase in water reduces the calcium concentration in 
the pore solution. This causes a longer dormant period because it takes longer for the 
supersaturated state to be reached when replacement levels of PFA are increased. It has 
been suggested that FA removes calcium ions from the solution, depressing the 
concentration in the first few hours and delays the CH and CSH nucleation and 
crystallization (Langan et al., 2002). Cabrera et al., (1986) observed similar trends 
where C3 S and C3A (Bland and Sharp, 1991) reaction rates were retarded. In the 
current study in the case of the second peak (Figure 4.7(c)) the rate of heat output 
decreases significantly as the PFA replacement level increases. Even at the lowest 
replacement level with PFA the rate of heat evolution is well below that of the PC 
control. This is in marked contrast to the behaviour with MK where there is little 
change in the rate of heat output for the second peak. Langan et al., (2002) confirms 
that the retarding effect of FA is more significant at higher w/b ratios (in these 
experiments 0.5 w/b ratio) mainly in the dormant and acceleration periods (see page 
22). The reduction in heat output of the PFA-PC pastes may be caused by the
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Figure 4.7 Rates of heat evolution of binary PFA-PC pastes indicated by (b) first
and (c) second peaks
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dilution of PC, whereas the limited reduction in heat output of the MK-PC pastes may 
result from the early pozzolanic reaction of the MK.
4.1.2.2 Rates of heat evolution of ternary MK-PFA-PC pastes
Figures 4.8 and 4.9 show the rates of heat evolution indicated by the first and second 
peaks at 10% and 30% replacement levels for ternary MK-PFA-PC paste. Data for two 
further replacement levels of 20% are 40% are presented in Appendix V. The first peak 
(Figure 4.8(b)) occurs within the first four minutes with the second peak (Figure 4.8(c)) 
occurring between 7 to 10 hours. In addition in the ternary paste with 30% replacement 
of PC with MK-PFA there is a small renewed increase in the rate of heat of evolution 
indicated by a third, low peak, which is presented in Figure 4.10. The peak occurs 
between 40 and 66 hours and is not detected in any of the other binary or ternary paste 
compositions. The two (or three peaks) are plotted on separate graphs to highlight the 
variations in the rate of heat output over the first 72 hours.
4.1.2.2.1 Rates of heat evolution of ternary pastes with 10% replacement and 30% 
replacement of PC with MK-PFA as represented by the first and second 
peaks
The changes in the rates of heat evolution of ternary 10% (MK-PFA)-PC pastes as 
represented by the first and second peaks are presented in Figure 4.8(a). The initial rate 
of heat output represented by the first peak (Figure 4.8(b)) tends to show a greater 
degree of retardation as the MK level increases relative to the PFA level which further 
confirms the observations for the binary MK-PC and PFA-PC pastes. As noted 
previously with the binary PFA-PC blends Langan et al., (2002) confirms that the 
retarding effect of FA is more significant at higher w/b ratios (in these experiments 0.5 
w/b ratio) mainly in the dormant and acceleration periods. In contrast for peak two
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Figure 4.8 Rates of heat evolution of ternary pastes with 10%replacement level of 
PC with MK-PFA indicated by (b) first and (c) second peaks
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(Figure 4.8(c)) as the replacement levels of MK increase relative to PFA the rate of heat 
output increases up to that of the PC control, again confirming the observations for the 
binary MK-PC and PFA pastes. These general trends in changes in rates of heat 
evolution as the relative amount of MK and PFA vary in ternary pastes are also apparent 
(Figure 4.9(a)) at the 30% replacement of PC with (MK-PFA) for the first peak (Figure 
4.9(b)) and the second peak (Figure 4.9(c)). The results suggests that MK retards 
hydration in the very early stages (within the first hour), possibly due to high water 
demand, whereas PFA has a minimal retarding effect and may even accelerate PC 
hydration by making more water available for hydration of the PC. During the 
principal hydration period (between 1 hour and 18 hours) the converse appears to be the 
case in that PFA provides significant retardation in hydration possibly because it shows 
little pozzolanic activity at this stage and the dilution effect is beginning to predominate. 
In contrast MK has a minimal retarding effect and possibly at certain levels accelerates 
the overall hydration process due to the onset of rapid pozzolanic action.
A third peak (Figure 4.10) occurs between 56 and 66 hours but only at 30% replacement 
of PC with MK-PFA. Also the peak is observed with 5, 10 and 15% MK but not with 
20% MK. An explanation for a third peak is that the reaction of MK with CH is 
retarded, possibly due to the formation of ettringite at the MK particle surfaces (Bai, et 
al, 2002a). The subsequent breakdown of this inhibiting layer at a later stage then 
allows further reaction of CH with MK, producing a third peak. A similar phenomenon 
has been attributed to a third peak. This occurs in hydrating PC alone where cements 
with a substantial C3A content (>~12%) show a small third heat evolution peak between 
24 and 48 hours due to the breakdown of ettringite and its transformation to 
monosulphate, allowing renewed hydration of C3 A (Bai, et al., 2002a). In the current 
work increased alumina is provided by the MK. The intensity of the peak increases
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Figure 4.9 Rates of heat evolution of ternary pastes with 30%replacement level of 
PC with MK-PFA indicated by (b) first and (c) second peaks
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Figure 4,10 Rates of heat evolution of ternary pastes with 30%replacement level of 
PC with MK-PFA indicated by a third peak
with the increase of MK replacement level up to 15%. Gu et al., (1997) reported that a 
third peak appeared at about 55 and 80 hours respectively when investigating early 
strength development of blends of ordinary Portland cement and calcium aluminate 
cement pastes. The authors suggested that the third peak, for the rate of heat released, 
may be due to a delay in the hydration of €38. However further analytical work would 
be required to conclusively establish the actual mechanism. There is no observed peak 
for the higher replacement level of 20% (MK-PFA)-PC or binary PFA-PC blends.
4.L2.3 Heats of hydration of binary PFA-PC and MK-PC pastes
Figures 4.11 and 4.12 show the heats of hydration for binary MK-PC and PFA-PC 
pastes. The heat of hydration data are plotted on two separate graphs (0 - 24 hours with 
a range of 0 - 200 J/g and 24 - 120 hours with a range of 150 - 450 J/g) to show the 
variations in cumulative heat output. The biggest impact that the pozzolans are likely to 
have in the early stages are i) dilution which will proportionally reduce the heat output 
per g of binder and ii) acceleration of cement hydration; this will increase the heat 
output per g of Portland cement present. In addition pozzolanic reactions are known to
Hydration, pore development and chemical resistance of MK-PFA-PC blends
Physical properties Chapter 4
be exothermic (Glasser, et al., 1987) therefore contributing to the total heat output. 
Whether the heat output per g of binder is higher than the control depends on the degree 
to which cement hydration is accelerated and the degree to which any pozzolanic 
reaction contributes to the total heat output. Langan et al., (2002) found that during the 
first few minutes, heat of hydration tends to increase with the partial replacement of PC 
with FA as more water is available for the initial hydrolysis. The authors suggested that 
this is attributable not to the reaction of the PFA but to acceleration of cement 
hydration. It is the PC hydration reaction that supplies the CH which feeds the 
pozzolanic reaction (Wild, et al., 1996). The degree to which each reaction contributes 
to the heat output (and also to the strength development) at a particular time will depend 
on both the enthalpy changes and the kinetics of the two reactions (Wild, et al., 1996).
4.1.2.3.1 Heats of hydration of binary MK-PC pastes
Changes in the total heat evolved over time for binary MK-PC at early and extended 
heat of hydration are presented in Figure 4.11 (a). For a very finely divided binder such 
as MK only a small amount would be required to influence hydration. Thus one might 
expect that in the very early stages small replacements of PC with MK would give 
higher values of heat / g binder but higher replacement levels would give lower values, 
relative to the PC control. In this case all replacement levels of MK are below the PC 
control in the first 24 hours (Figure 4.1 l(b)). Generally the heat of hydration for binary 
MK-PC is systematically reduced as the replacement levels increase up to a 15% MK 
replacement level. At higher replacement levels (20%) of MK there is an increase in the 
total heat evolved rising above that of the 15% replacement level. Also as hydration 
time increases, if the MK has initially (within the first hour) retarded heat output the 
heat output of the blends will fall significantly below the PC control. At more extended 
hydration times pozzolanic reaction might be expected to switch in and contribute to the
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heat output which will cause the heat output from the blends to 'catch-up' with and in 
some cases exceed the PC control. In the present case (Figure 4.11(c)) this occurs at 
about 72 hours. The degree to which this occurs will depend on the percentage 
replacement and the activity of the MK. As MK is highly reactive there will be a 
significant effect even at low replacement levels. As the replacement levels increase the 
effect should increase but only up to a certain level of replacement in this case 15% 
(Figure 4.11(c)). This is because as the replacement levels increase the amount of PC 
decreases and so does the amount of CH being produced to react with the MK. Thus at 
high replacement levels the rate of pozzolanic reactivity will be controlled not by the 
availability of MK but by the availability of CH. Frais, et al, (2000) confirms that at a 
10% MK replacement level of PC in mortar the total heat evolved (up to 120 hours 
hydration) is higher than that of the original PC; this is attributed to the high pozzolanic 
activity of the MK. The work by Frais, et al, 2000 is supported by later work of Poon, 
(2001) who reported that cumulative heat is slightly higher for 5 and 10% MK-PC 
blended cements when compared to the PC control (Poon, et al., 2001).
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Figure 4.11 Heats of hydration of binary MK-PC pastes
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4.1.2.3.2 Heats of hydration of binary PFA-PC pastes
Changes in the total heat evolved over time for binary PFA-PC pastes for early and 
extended heats of hydration are presented in Figure 4.12(a). In early (within the first 24 
hours) hydration (Figure 4.12(b)) the highest heat output of the binary pastes is for 20% 
replacement level of PC with PFA up to 20 hours. Thereafter it is surpassed by the 10% 
PFA-PC blended paste. Also (up to about 9 hours) the 10% replacement level has a 
similar heat output to that of the 30% replacement level. At extended hydration (Figure 
4.12(c)) the increase in PFA replacement levels causes systematic reduction in the heat 
output of hydration. This is because with PFA the activity is so low that the dilution 
factor is predominant. Frais, et al, (2000) has confirmed when investigating PFA-PC 
mortar at replacement levels of 10 and 30% that the total heat evolved (up to 120 hours 
hydration) decreases with increasing replacement levels of PC with PFA. The authors 
attributed the drop in relative heat output to the reduced PC content (dilution effect) and 
the negligible contribution from the pozzolanic activity by the PFA.
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Figure 4.12 Heats of hydration of binary PFA-PC pastes
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4.1.2.4 Heats of hydration of ternary MK-PFA-PC pastes at 20% and 40% 
replacement levels
Changes in the early and extended heat of hydration of ternary (MK-PFA)-PC pastes at 
20% and 40% replacement levels are presented in Figures 4.13 and 4.14. In the early 
period of hydration (up to 24 hours) the highest heat output is for the PC control 
(Figures 4.13(b) and 4.14(b)). Generally when the MK replacement level is increased in 
the ternary blended pastes the heat output increases. However this is not wholly 
consistent in that the 0% MK-20% PFA composition (20% replacement - Figure 
4.13(b)) and the 0% MK-40% PFA composition (40% replacement - Figure 4.14(b)) 
have higher heats of hydration than the trend would suggest. For 20% replacement 
pastes extended hydration times (Figure 4.13(c)) the heat output for the PC control is 
surpassed by the pastes with higher MK replacement levels (15% and 20%) at 96 and 90 
hours respectively, reflecting the pozzolanic activity of the MK. The heat output 
increases for replacement levels up to 15% MK ternary blended paste. At the higher 
replacement levels of 20% MK the heat output is below that of 15% MK which occurs 
at about 96 hours. For 40% replacement paste (Figure 4.14(c)) the heat of hydration are 
much lower than that of the PC control at all compositions, and the heats of hydration 
decline as the PFA content increases relative to the MK content. This again reflects the 
dilution effect of the PFA and its negligible pozzolanic activity over this period in 
contrast to the MK. Interestingly the paste containing 15% MK again shows the highest 
heat of hydration of all the ternary pastes.
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Figure 4.13 Heats of hydration of ternary pastes with 20% replacement level of PC
with MK-PFA
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Figure 4.14 Heats of hydration of ternary pastes with 40% replacement level of PC
with MK-PFA
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CHAPTER 5: PERFORMANCE / DURABILITY IN WATER, 
SULPHATE SOLUTION AND SYNTHETIC SEAWATER
The results from strength development, expansion and weight change, sorptivity and 
porosity are presented and discussed in the following sections.
5.1 Strength development
The changes in compressive strength of the PC (control) mortar at various w/b ratios, 
the binary MK-PC, PFA-PC, GPFA-PC (Chapter 6) and the ternary MK-PFA-PC 
mortars at a w/b ratio of 0.5 and the binary MK-PC, PFA-PC, and the ternary MK-PFA- 
PC mortars at a w/b ratio of 0.6 are shown with respect to age in Figures 5.1 to 5.13. 
The PC (control) and the binary and ternary PC mortars were exposed to water (28, 90, 
365 and 730 days) or sodium sulphate solution or synthetic seawater (28, 90, 180, 365, 
548 and 730 days).
5.1.1 Strength of PC mortar at various w/b ratios under various exposure 
conditions
The changes in compressive strength of the PC mortar at various w/b ratios exposed to 
sodium sulphate solution or synthetic seawater (for 28, 90, 180, 365, 548 and 730 days) 
are shown in Figure 5.1. The strength of PC mortar in sulphate solution (Figure 5.1 (a)) 
decreases with increasing w/b ratio with the slight decline in strength observed after 180 
days being more marked at a w/b ratio of 0.6. In seawater (Figure 5.1(b)) the PC mortar 
strength fluctuates with exposure times but generally declines after 90 days. Lower 
strength is attained with increasing w/b ratio and the mortar with a w/b ratio of 0.6 
shows a systematic reduction in strength with exposure time beyond 90 days. Kumar, 
(2000) reports that the effect of a marine environment on concrete is to decrease its
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Figure 5.1 Strength of PC control mortar versus exposure time in (a) sodium 
sulphate solution and (b) synthetic seawater at various w/b ratios for up to 730
days
compressive strength and this loss increases with exposure age. Overall strengths 
developed in seawater are lower than those observed in sulphate solution. These 
observations form a 'yardstick' for the control against which the performance of the 
replacement materials may be assessed.
Cement was replaced with MK, PFA and GPFA (Chapter 6) pozzolans at various 
replacement levels to evaluate strength development in binary and ternary binders at 
ratios of 0.5 and 0.6, under various exposure conditions.
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5.1.2 Strength of binary MK-PC mortar at w/b ratios of 0.5 and 0.6 under various 
exposure conditions up to 730 days
5.1.2.1 Strength of binary MK-PC mortar at a w/b ratio of 0.5
Figure 5.2 shows the changes in compressive strength with age of binary MK-PC 
mortars at w/b ratio 0.5 with different MK replacement levels exposed to water, (28, 90, 
365 730 days), sulphate solution or synthetic seawater (28, 90, 180, 365, 548 and 730 
days). For mortar exposed to water (Figure 5.2(a)) there is in general an increase in 
strength with increase in MK content which is well established by 28 days (typical of a 
highly active pozzolan (Sabir, et al., 2001)), and also with age. In fact most of the 
strength gain has been achieved by 28 days and at long ages the changes are small and 
less systematic. In particular mortar with 10% MK shows a reduction in strength 
between 1 and 2 years. For mortar exposed to sulphate solution (Figure 5.2(b)) there is 
also a general increase in strength with MK content and also with age up to 90 days. 
Strength also increases more rapidly in sulphate solution than in water producing 
strength enhancement. However beyond 90 days strengths level off and particularly at 
low MK levels (5% and 10%) subsequently decline. The strength enhancement in 
sulphate solution relative to water suggests that the expanding reaction products initially 
occupy the available pore space contributing to densification, but at longer exposure 
times continued expansion results in expansive swelling pressure, micro-cracking and a 
decline in strength. At high MK levels it is suggested that pore refinement (Khatib, et 
al., 1996), reduced diffusion of sulphate and reduced availability of CH (Wild and 
Khatib, 1997) to form gypsum and ettringite enhance durability and resistance to 
sulphate attack.
For mortar exposed to seawater (Figure 5.2(c)) the MK level has a much more 
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Figure 5.2 Strength of binary MK-PC mortar versus exposure time in (a) water, 
(b) sodium sulphate solution and (c) synthetic seawater at a w/b ratio of 0.5 for up
to 730 days
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pronounced effect on strength. Without MK, at early ages strength is very much 
reduced in seawater relative to pure water and shows negligible increase (with the 
exception of a 'spike' at 180 days) over the long term. Small to moderate levels (5% - 
15%) of MK produce much enhanced strength at early ages, however the strengths of 
these mortars subsequently decline, particularly for 5% and 10% MK, and are 
substantially below those for equivalent mortars exposed to water. In fact it is only the 
mortar with 20% MK (which shows a small but continuous increase in strength with 
age) that maintains a level of strength equivalent to or greater than that for mortar 
exposed to water. It is apparent from these data that seawater has a very deleterious 
effect on strength development, probably by influencing the hydration process in a 
damaging manner and by contributing to the formation of reaction products which are 
either non-cementitious or are producing internal damage. It is also apparent that MK 
inhibits this process by reducing permeability and ingress of seawater into the mortar 
and / or by modifying the chemistry of the system by, for example, removing the CH.
Sabir, (2001) reported that Wild et al., (1996) identified three elementary factors, which 
influence the contribution that MK makes to concrete strength. These are the filler 
effect, which is immediate, the acceleration of PC hydration, which occurs within the 
first 24 hours, and the pozzolanic reaction, which has its maximum effect within the 
first 7 to 14 days for all MK levels between 5% and 30% (Sabir, et al., 2001). In the 
current work the durability of the MK-PC mortar has been investigated further by using 
sorptivity of mortar specimens and mercury intrusion porosimetry of paste specimens in 
order to identify the key parameters influencing the performance of the MK-PC mortar 
specimens (sections 5.3 and 5.4).
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5.1.2.2 Strength of binary MK-PC mortar at a w/b ratio of 0.6
Figure 5.3 show the changes in compressive strength with age of binary MK-PC 
mortars with different MK replacement levels exposed to sodium sulphate solution or 
synthetic seawater (28, 90, 180, 365, 548 and 730 days). The binary MK-PC mortars
were not exposed to water for this w/b ratio, 
(a) Sodium sulphate solution
-•— (PQO -•—5 -A—10 -x-15 -<^- 20 (%)MK replacement level
100 200 300 400 500 600 700 800 
Time (days)
(b) Synthetic seawater
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Figure 5.3 Strength of binary MK-PC mortar versus exposure time in (a) sodium 
sulphate solution and (b) synthetic seawater at a w/b ratio of 0.6 for up to 730 days
Similar trends, but with lower strength values, are observed at all MK replacement 
levels in sulphate solution (Figure 5.3(a)) and seawater (Figure 5.3(b)) when compared 
to mortars at a w/b ratio of 0.5 (Figures 5.2). The strength of 10% MK-PC mortar at
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548 days reduces and does not follow the general trend suggesting that an error has 
occurred when testing the two cubes for compressive strength.
5.1.2.3 Strength Deterioration Factor of binary MK-PC mortar at a w/b of ratio 0.5
Figures 5.4(a) and 5.4(b) show the strength deterioration factors (SDFs) of MK-PC 
mortar exposed to respectively sodium sulphate solution and synthetic seawater, relative 
to equivalent water-cured mortar for particular exposure periods of up to 730 days. 
Note that a negative value indicates a strength gain relative to the same specimen 
exposed to water.
(a) Sodium sulphate solution




MK replacement level (%)









MK replacement level (%)
Figure 5.4 SDF of binary MK-PC mortar versus MK replacement level in (a) 
sodium sulphate solution and (b) synthetic seawater at a w/b ratio of 0.5 for up to
730 days
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The SDF was used to assess the durability of hydrated mortars exposed to sulphate 
solution and seawater. When PC and MK-PC mortars are exposed to sodium sulphate 
solution strength enhancement is observed up to at least 90 days. The degree of 
strength enhancement is also greater at low (0%, 5%) MK levels. This may be 
attributed to the greater degree of available pore space when little or no pozzolan is 
present, which can accommodate the expansive reaction products. Subsequently 
strength deterioration increases, but even after two years strength deterioration factors 
are below 10% and for 20% MK the SDF is negative. This suggests that at a w/b ratio 
of 0.5 there is limited specimen deterioration in sulphate solution after 2 years for all 
samples. The MK-PC blends perform better in sulphate solution than in seawater at all 
replacement levels up to 730 days. In seawater as in sulphate solution the SDF values 
also tend to increase with exposure time but in this case the SDF values are substantial 
particularly at low MK levels (0 to 10% MK), which indicates significant deterioration 
of the cementitious bond. After two years only the specimen containing 20% MK 
shows no deterioration confirming the effectiveness of high MK levels in providing 
good durability. The second pozzolan used in this research as a binary (and ternary) 
blend is PFA.
5.1.3 Strength of binary PFA-PC mortar at w/b ratios of 0.5 and 0.6 under various 
exposure conditions up to 730 days
5.1.3.1 Strength of binary PFA-PC mortar at a w/b ratio of 0.5
Figure 5.5 shows the changes in compressive strength with PFA content for binary 
PFA-PC mortars exposed to water (28, 90, 365 730 days), sulphate solution or synthetic 
seawater (28, 90, 180, 365, 548 and 730 days). In mortar exposed to sulphate solution 
(Figure 5.5(b)) at early ages the trends are similar to those in water (Figure 5.5(a)) and,
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as previously observed for the MK mortars, strengths are generally greater in sulphate 
solution than in water. However beyond 90 days in sulphate solution the performance 
of the control mortar and the mortar with 10% PFA begin to deteriorate such that at 730 
days these mortars exhibit strengths below the equivalent mortars in water and below 
those of the other binary mortars in sulphate solution. As with the MK-PC binary 
mortars this improved performance at high pozzolan levels is attributed to the 
pozzolanic activity of the PFA, which in this case provides its major contribution to 
strength development between 28 and 365 days. The improvement in strength at 28 and 
90 days in sulphate solution relative to the mortar exposed to water is again attributed to 
the filling of capillary pore space with expansive products in the former (see 
Santhanam, et al., 2002).
In mortar exposed to seawater (Figure 5.5(c)) the most pronounced effect observed, in 
comparison to mortar exposed to sulphate solution and particularly in comparison to 
mortar exposed to water, is the very limited gain in strength with age, especially at early 
ages. Also although mortars containing PFA do generally show superior strength 
development up to 180 days relative to the PC control mortar, only the mortar 
containing 40% PFA continues to show systematic increase in strength with age beyond 
180 days. At 730 days this sample exhibits strength in seawater very similar to its 
strength in water whereas all the other mortars at 730 days show substantially reduced 
strengths in seawater relative to their strengths in water. Kumar, (2000) reported that at 
365 days a PC binder blended with up to 20% FA showed higher compressive strength 
than the PC control when exposed to a marine environment. This is a similar effect to 
that observed by the author. The current work shows that after 730 days exposure to 
seawater, specimens with up to 40% PFA show strengths higher than the PC control 
with strength increasing with PFA content. In the case of mortar exposed to seawater
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Figure 5.5 Strength of binary PFA-PC mortar versus exposure time in (a) water, 
(b) sodium sulphate solution and (c) synthetic seawater at a w/b ratio of 0.5 for up
to 730 days
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the strength losses observed relative to mortar exposed to water, are attributed to the 
different mechanism of attack by seawater, relative to sodium sulphate. Seawater 
contains magnesium sulphate which reacts with C-H-S gel causing decalcification and 
degradation of the C-H-S gel (Bensted, 2002 and Santhanam, et al, 2002) resulting in a 
breakdown of the cementitious bond and severe loss in strength.
5.1.3.2 Strength of binary PFA-PC mortar at a w/b ratio of 0.6
Figures 5.6(a) and 5.6(b) show the changes in compressive strength with age of binary 
PFA-PC mortars with different PFA replacement levels exposed to sodium sulphate 
solution or synthetic seawater (28, 90, 180, 365, 548 and 730 days). Binary PFA-PC 
mortars were not exposed to water at this w/b ratio. Similar trends, with lower strength 
values, are observed at all PFA replacement levels in sulphate solution (Figure 5.6(a)) 
and seawater (Figure 5.6(b)) when compared to 0.5 w/b ratio mortars (Figures 5.5(a) 
and 5.5(b)). An increase in w/b ratio results in higher water content of the mortar and 
concrete. Wild, (1989) reports that any excess water present which is not used up in the 
hydration process will ultimately create additional porosity in the form of 
interconnected channels a few micrometers across (capillary pores). The capillary pores 
are responsible for the permeability of the hardened cement paste and its vulnerability to 
degradation caused by chemical attack (Wild, 1989) resulting in a greater loss of 
strength at higher w/b ratios.
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Figure 5.6 Strength of binary PFA-PC mortar versus exposure time in (a) sodium 
sulphate solution and (b) synthetic seawater at a w/b ratio of 0.6 for up to 730 days
5.1.3.3 Strength Deterioration Factor of Binary PFA-PC mortar at a w/b ratio of 0.5
Figures 5.7(a) and 5.7(b) show the SDF values for PFA-PC mortar exposed to 
respectively sodium sulphate solution and synthetic seawater, relative to equivalent 
water-cured mortar, at particular exposure periods of up to 730 days. Again it should be 
noted that a negative SDF value indicates strength enhancement relative to the same 
specimen exposed to water. With the exception of specimens with 10% PFA, up to 365 
days exposure all samples exhibit negative SDF values indicating strength
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enhancement.
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Figure 5.7 SDF of binary PFA-PC mortar versus PFA replacement level in (a) 
sodium sulphate solution and (b) synthetic seawater at a w/b ratio of 0.5 for up to
730 days
At 730 days exposure the control and the specimen with 10% PFA show positive SDF 
values indicating degradation but specimens with PFA levels above 10% show 
increasing strength enhancement with increasing PFA level. This demonstrates the 
benefits of using high levels of PFA to resist degradation when exposed to sulphate. 
These benefits are even more clearly demonstrated for specimens exposed to seawater 
(Figure 5.7(b)). In this case at long exposure periods (730 days) there is substantial 
strength loss and degradation for specimens with low or zero levels of PFA. However
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as the PFA content continues to increase from 10 to 40% the SDF value continuously 
decreases to a level that although still positive, is relatively small (6%).
5.1.4 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.5 under various 
exposure conditions up to 730 days
Figures 5.8 to 5.10 show the changes in compressive strength with PFA content at total 
replacement levels (MK + PFA) of 10, 20, 30 and 40% for ternary MK-PFA-PC mortars 
exposed to water, sodium sulphate solution and synthetic seawater for 28, 90, 365, and 
730 days. Figures for two further exposure times (180 and 548 days) are contained in 
(Appendix VI).
5.1.4.1 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.5 exposed to water 
for up to 730 days
The change in strength with PFA content at total replacement levels for mortars exposed 
to water for 28, 90, 365 and 730 days are shown in Figures 5.8. In water, mortars with 
PFA alone achieve 28 day strengths that (with the exception of the 10% PFA mortar) 
are all below that of the PC control mortar, whereas in the ternary blends increasing 
levels of MK shift all the strength versus PFA curves (other than that for 5% MK at 
30% replacement) above the control mortar strength. Comparisons of the plots of 
strength versus PFA content at different replacement levels for mortar exposed to water 
at 28 days and 90 days (Figure 5.8) show two significant changes. Specimens with low 
levels of MK at higher levels of PFA produce substantial strength gains between 28 and 
90 days whereas specimens with high MK levels and low PFA levels show relatively 
minor strength gains between 28 and 90 days. This reflects the rapid early (<28 days) 
pozzolanic reaction of MK and much later (>28 days) pozzolanic reaction of PFA. 
Thus with increasing age the gradients of the curves decrease and become parallel with
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the X axis. This has the overall effect of bringing the curves representing different MK 
levels much closer together. At 730 days the strength of the binary and ternary blended 
mortars have generally attained or exceeded that of the PC control. The exceptions are 
for mortars at 40% PFA replacement level and (15% MK + 25% PFA) replacement 
level.
5.1.4.2 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.5 exposed to 
sodium sulphate solution for up to 730 days
The change in strength with PFA content at total replacement levels for ternary mortars 
exposed to sodium sulphate solution for 28, 90, 365 and 730 days are shown in Figure 
5.9. For specimens exposed to sulphate solution although MK improves resistance to 
the adverse influence of the aggressive environment, relatively high MK to PFA ratios 
are required to maintain strength levels in excess of that of the PC control mortar, and 
for PFA levels in excess of 20% the strengths of all the ternary mortars at 28 and 90 
days fall below that of the PC control irrespective of the MK content. For specimens 
exposed to sulphate solution for up to 730 days the binary and ternary mortars have 
attained or exceeded the strength of the PC control. Similar trends are observed in 
mortar exposed to water (Figure 5.8). However after 730 days the strength of the PC 
control is higher when exposed to water than when exposed to sulphate solution 
whereas for both the binary and ternary mortars the strength when exposed to sulphate 
solution are similar to those when exposed to water. The advantage of using metakaolin 
in ternary mortars is clearly apparent at short exposure times but at longer exposure 
times there is very little strength advantage over binary PFA-PC mortars.
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5.1.4.3 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.5 exposed to 
seawater for up to 730 days
The behaviour in seawater (Figure 5.10) is however quite different from that observed 
in mortar exposed to sulphate solution (Figure 5.9) and water (Figure 5.8). In this case 
relative to mortar exposed to water, there is a significant reduction in the strength of the 
control, very little change in the strength of mortars containing blends with high MK to 
PFA ratios and significant increase in the strength of mortars containing blends with 
low MK to PFA ratios. This has the effect of bringing the strength of all mortars in 
seawater at 28 and 90 days above that of the control PC mortar in seawater. This 
behaviour again reflects the rapid early pozzolanic activity of mortars containing high 
levels of MK and the delayed pozzolanic activity of mortars containing high levels of 
PFA. In particular comparison of mortars exposed to water (Figure 5.8) for 90 days 
with that for mortars exposed to seawater (Figure 5.10) for 90 days, illustrates the 
excellent performance of mortars in seawater with high MK to PFA ratios, where there 
is negligible strength loss and in some cases enhancement in strength relative to mortars 
exposed to water. This confirms the work of Bai, et al., (2003) who found that when 
exposed to seawater concrete produced with binary PC-PFA and ternary PC-MK-PFA 
binders showed improvements in compressive strength relative to that of the control PC 
concrete. The authors reported that the strength retardation in seawater exposed 
specimens was significantly reduced when the binder in binary PC-PFA concrete was 
further blended with MK (Bai, et al., 2003). In the current work, for mortar exposed to 
seawater for up to 730 days low replacement levels of PFA with MK in ternary blends 
do not provide good resistance to the deleterious effects of seawater as shown in Figure 
5.10 but as the MK level increases relative to the PFA level in the ternary blends the 
resistance to seawater attack improves significantly.
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In fact similar strengths are observed at high MK levels for ternary mortars in seawater 
to those in sulphate solution and water.
The advantage of combining MK with PFA is clearly apparent in all three exposure 
environments, but in water and sulphate solution the main advantage is at early 
exposure times whereas in seawater it is over the whole exposure period of at least two 
years. In all three exposure environments generally mortars at all replacement levels 
attain strengths equivalent to or above that of the PC control. The exceptions are in 
water at binary 40% PFA-PC and ternary (15% MK + 25% PFA) 40% replacement 
level.
5.1.5 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.6 under various 
exposure conditions up to 730 days
Figures 5.11 and 5.12 show the changes in compressive strength with PFA content at 
total replacement levels (MK + PFA) for ternary MK-PFA-PC mortars exposed to 
sodium sulphate solution and synthetic seawater for 28, 365, and 730 days. Three 
further exposure times (90, 180 and 548 days) for mortar immersed in sodium sulphate 
solution and synthetic seawater are presented in Appendix VI.
5.1.5.1 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.6 exposed to 
sodium sulphate solution for up to 730 days
The change in strength with PFA content at total replacement levels (MK + PFA) for 
mortars exposed to sodium sulphate solution for 28, 365 and 730 days are shown in 
Figure 5.11.
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Figure 5.11 Strength of ternary MK-PFA-PC mortar versus PFA replacement 
level at a w/b ratio of 0.6 exposed to sodium sulphate solution for up to 730 days
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Comparison of Figure 5.11 (w/b ratio 0.6) with Figure 5.9 (w/b ratio 0.5) for mortar 
under equivalent exposure conditions shows that the influence of the pozzolans relative 
to the pozzolan free control is very similar at both water binder ratios. Also the trends 
with increase in exposure time are similar at both w/b ratios with the gradients of the 
strength-replacement level curves decreasing with increase in exposure time and 
moving above the PC control line at high MK/PFA ratios and prolonged exposure 
times. However as would be expected strength levels at w/b ratio 0.6 are substantially 
below those for w/b ratio 0.5.
5.1.5,2 Strength of ternary MK-PFA-PC mortar at a w/b ratio of 0.6 exposed to 
synthetic seawater for up to 730 days
The change in strength with PFA content at total replacement levels (MK + PFA) for 
mortars exposed to synthetic seawater for 28, 365 and 730 days is shown in Figure 5.12. 
Comparison of these Figures with Figure 5.10 again shows similar trends at both w/b 
ratios. However at short exposure times (28 days) the advantages of the pozzolanic 
replacement at w/b ratio 0.6 are less marked particularly at high PFA levels where 
strengths are substantially below those of the control. At more prolonged exposure 
times the strengths of all the pozzolanic mortars are above that of the control, although 
as might be expected the strengths are below those for the w/b ratio 0.5 mortars, and the 
influence of the PFA in enhancing strength becomes more marked.
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Figure 5.12 Strength of ternary MK-PFA-PC mortar versus PFA replacement 
level at a w/b ratio of 0.6 exposed to synthetic seawater for up to 730 days
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5.1.6 Strength Deterioration Factor of ternary MK-PFA-PC mortar at a w/b ratio 
of 0.5
Figure 5.13 show the SDF values of ternary MK-PFA-PC mortars exposed to 
respectively sodium sulphate solution and synthetic seawater relative to equivalent 
water-cured mortar at particular exposure periods of up to 730 days. As previously 
indicated, in sulphate solution at these long exposure times there is no clear advantage 
in further blending the binary PFA-PC blend with MK. However in seawater there are 
clearly distinct advantages in further blending the binary PFA-PC with MK, particularly
at high total replacement levels, 








Total replacement level (MK + PFA) (%)
Figure 5.13 SDF of ternary MK-PFA-PC mortars versus total replacement level 
(MK + PFA) in (a) sodium sulphate solution and (b) synthetic seawater at a w/b
ratio of 0.5 at 730 days
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5.2 Expansion and weight change
The changes in expansion, weight change and the rate of expansion with respect to 
weight change for the PC (control) mortar at various w/b ratios, for the binary MK-PC, 
PFA-PC mortars and the ternary MK-PFA-PC mortars at a w/b ratio of 0.5, and for the 
binary MK-PC, PFA-PC and the ternary MK-PFA-PC mortars at a w/b ratio of 0.6, are 
shown with respect to age in Figures 5.14 and 5.18 to 5.37. Data for the binary GPFA- 
PC mortars are presented in Chapter 6. The PC (control) and the binary and ternary PC 
mortars were exposed to water or sodium sulphate solution or synthetic seawater for up 
to 842 days. The expansion in water and weight change in water data are used as 
controls to compare with equivalent data for samples in sodium sulphate solution and 
synthetic seawater.
5.2.1 Expansion
The changes in expansion of the PC (control) mortar at various w/b ratios, the binary 
MK-PC, PFA-PC, and the ternary MK-PFA-PC mortars at a w/b ratio of 0.5 and the 
binary MK-PC, PFA-PC, and the ternary MK-PFA-PC mortars at a w/b ratio of 0.6 are 
shown with respect to age in Figures 5.14 and 5.18 to 5.23.
5.2.1.1 Expansion of PC mortar at various w/b ratios under various exposure 
conditions
Figure 5.14 shows the changes in expansion of the PC mortar at various w/b ratios 
exposed to water or sodium sulphate solution or synthetic seawater for up to 730 days. 
The expansion rate of mortar exposed to water (Figure 5.14(a)) is very low at all w/b 
ratios. For mortar exposed to sodium sulphate solution (Figure 5.14(b)) the expansion 
rate is higher than in synthetic seawater (Figure 5.14(c)) and water. In sulphate solution 
the expansion rate for the mortar at w/b ratio 0.4 is greatly reduced
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Figure 5.14 Expansion of PC control mortar versus exposure time in (a) water, (b) 
sodium sulphate solution and (c) synthetic seawater at various w/b ratios for 730
days
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when compared to those mortars at w/b ratios 0.5 and 0.6. However the expansion of 
the mortar at w/b ratio 0.5 mortar is higher than that observed for mortar at w/b ratio 0.6 
mortar up to at least 730 days. The capillary pore space would be larger for the mortar 
at w/b ratio 0.6 therefore taking longer to fill with gypsum and ettringite, thus causing 
(as observed) a lower initial expansion rate. At longer exposure times (above 730 days) 
expansion rate of the mortar at w/b ratio 0.6 would be expected to overtake that of the 
mortar at w/b ratio 0.5. In sulphate solution expansion is very low in the early stages of 
exposure after which it proceeds at a steady state because of the increase in the amount 
of gypsum and ettringite over that which can be accommodated by the pore structure 
(Santhanam, et al., 2002). Wild, (1989) reports that any excess water present which is 
not used up in the hydration process will ultimately create additional porosity in the 
form of interconnected channels a few micrometers across (capillary pores). The 
capillary pores are responsible for the permeability of the hardened cement paste and its 
vulnerability to degradation caused by chemical attack (Wild, 1989) resulting in higher 
expansion at higher w/b ratios. Mortar exposed to seawater shows similar expansion 
rates at different w/b ratios and these are lower than those observed in sulphate solution, 
except at a w/b ratio of 0.4 where expansion levels are similar. The lower expansion 
rate in seawater is attributed to a layer of bracite (low solubility) formation on the 
surface, and below that gypsum which gradually inhibits further diffusion of sulphate 
ions into the mortar. Taylor, (1994), Santhanam et al., (2003) and O'Farrell, et al., 
(2000) have also reported observing deposits forming on the surface of hardened 
cementitious materials exposed to seawater. The current author identified the deposits 
(Figure 5.15(b)) on the surface of mortar cubes in synthetic seawater by using 
thermogravimetric analysis however the surface deposits on cubes in sodium sulphate 
solution were not analysed (Figure 5.15(a)). The surface deposit samples used for TGA
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were collected from a PC paste cube (w/b ratio 0.6) exposed to synthetic seawater for 2 
years (Figure 5.15).





Figure 5.15 Beige crystalline layer and underlying white powdery layer on the 
surface of PC paste cubes exposed to synthetic seawater for 2 years
Figures 5.16 and 5.17 show the TG output from the outer beige crystalline layer and the 
underlying white powdery layer. The theoretical weight loss of the bound water is 
based on a molecular weight for brucite of 58.31 atomic mass units (amu), for example:
MgO H2O
[24.31 + 16)]+ (2xl)+ 16
40.31 + 18
= 58.31 amu
During heating the brucite loses 1 water molecule to form magnesium oxide and water.
Mg(OH)2 (s) -> MgO + H2O
The loss of water (18 amu) is 30.87% relative to the brucite molecule. The observed 
weight loss from the TGA run was 27.23%. The small discrepancy is attributed to the 
small amounts of gypsum and calcite that are also present. The strong dehydration
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peaks of (2) brucite at 384 °C is very clearly visible together with very weak peaks of 












(1) CaSO4 2H 2 O -> CaSO4 0.5H2O 
CaSO4 0.5H2O -> CaSO4
o/e" „ (2) Mg(OH)2 -> MgO + H 2O
(3) CaC3 -> Ca(OH)2
~~~~~~— — ~_ 661 B7-C





Figure 5.16 TG curve of brucite in an alumina crucible with lid
(1)
(1) CaSO4 2H2O -. CaSO4-0.5H2O
(2) CaS04 0.5H20 -> CaSO4
10O 
Temperature (°C)
Figure 5.17 TG curve of gypsum in an alumina crucible with lid
Figure 5.17 which is the TG output for the underlying white powdery layer shows the 
successive dehydration peaks of (1) gypsum to hemihydrate at 108 °C and (2) 
hemihydrate to anhydrite at 128 °C the two peaks of which are not fully resolved (i.e. 
during heating the gypsum loses lV2 molecules of water to form hemihydrate and
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subsequently another V2 molecule of water to form anhydrite).
CaSO4 -2H2O -»• CaSO4 -0.5H2O
CaSO4 -0.5H2O -»CaSO4
The total theoretical weight loss of the bound water is based on a molecular weight for 
gypsum of 172.14 atomic mass units (amu), for example:
CaSO4 2 H2O
[40.08 + 32.07 + (4 x 16)] + [2 x (2 x 1 + 16)]
136.15 + 36
= 172.15 amu
The loss of water (36 amu) is 20.91% relative to the gypsum molecule. The observed 
weight loss from the TGA run was 22.22% showing good agreement with the calculated 
result. The author used a technique similar to Dunn, et al., (1987) who separated the 
two dehydration peaks of gypsum in Portland cement by encapsulating cement in a 
hermetically sealed DSC pan with a pinhole in the lid. The atmosphere of water vapour 
generated by the first dehydration step retards the onset of the second dehydration and 
moves the peak to a higher temperature.
When mineral admixtures are used, in this case MK and PFA, the pozzolanic reaction 
leads both to consumption of CH and reduction in permeability due to pore blocking by 
additional C-S-H gel formation. Thus pozzolanic materials restrict the amount of 
brucite and gypsum that can form and hence increase the durability potential of mortars 
when exposed to seawater and sulphate ions. Visual inspection of the cubes' surfaces 
showed that a reduction of surface deposits were observed when the pozzolanic 
replacement levels were increased in the mortar blends.
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PC was partially replaced with MK, PFA and GPFA pozzolans at various replacement 
levels to evaluate expansion rates in binary and ternary binders at w/b ratios of 0.5 and 
0.6, under various exposure conditions. The GPFA results are presented in Chapter 6.
5.2.1.2 Expansion of binary MK-PC and PFA-PC mortars at w/b ratios of 0.5 and 0.6 
exposed to sodium sulphate solution for up to 842 days
5.2.1.2.1 Expansion of binary MK-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.18(a) shows the changes in expansion with MK content for binary MK-PC 
mortars exposed to sodium sulphate solution for up to 842 days. At w/b ratio of 0.5 
expansion rates become lower as the PC replacement levels with MK increase. At w/b 
ratio of 0.6 similar trends are observed but the mortars with PC replacement levels of 5 
and 10% MK both failed suggesting a minimum PC replacement level of 15% MK is 
required for good sulphate resistance. The greater pore space (due to higher w/b ratio) 
allows sulphate ions more access to the MK aluminate to produce secondary ettringite 
thus producing additional expansive products. Reductions in expansion were reported 
by Khatib and Wild, (1998) who found that at least 15% MK replacement of PC is 
required for good sulphate resistance at w/b ratios of 0.5 and 0.6. However sulphate 
resistance was impaired at low substitution levels (up to 10%). These results are 
confirmed by the observations of the current author.
5.2.1.2.2 Expansion of binary PFA-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.18(b) shows the changes in expansion with PFA content for binary PFA-PC 
mortars exposed to sodium sulphate solution for up to 842 days. For mortars exposed to 
sulphate solution expansion rates decrease as PFA replacement levels increase up to a 
PC replacement level of 30% PFA at both w/b ratios of 0.5 and 0.6. Higher PC 
replacement levels are required to achieve good sulphate resistance with PFA than with
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MK. Bai, et al, (2002a) however found that a reduction in expansion can be achieved 
by blending PFA with small amounts of MK when investigating the properties of MK- 
PC, PFA-PC and MK-PFA-PC mortars.
5.2.1.3 Expansion of ternary MK-PFA-PC mortars with PC replacement levels of 10, 
20, 30 and 40% at w/b ratios of 0.5 and 0.6 exposed to sodium sulphate 
solution for up to 842 days
Figures 5.19 and 5.20 show the changes in expansion for ternary MK-PFA-PC mortars 
with PC replacement levels of 10, 20 30 and 40% exposed to sodium sulphate solution 
for up to 842 days. Generally at all total replacement levels at w/b ratio 0.5 the 
resistance to the expansion of mortar in sodium sulphate solution is good (with the 
exception of the 10% PFA mortar with PC replacement level of 10%). At the higher 
w/b ratio of 0.6 a total replacement level of above 10% is required for good resistance to 
the deleterious effects of sodium sulphate solution (with the exception of the 0% and 
5% MK mortar with PC replacement level of 20%). Higher w/b ratios have water that 
has not been used for the hydration process which will create additional porosity in the 
form of interconnected capillary pores (Wild, 1989) thus allowing higher ingress of 
sulphate ions into the pore space. The PC control shows a much higher level of 
expansion when compared to all ternary MK-PFA-PC mortars at both water binder 
ratios. The low expansion of the pozzolanic mortars is attributed to their reduced 
permeability as a result of the formation of additional reaction products generated by the 
pozzolanic reactions, especially that of the highly active MK. Bai, et al., (2002a) 
indicated that low expansion can be achieved by blending PFA with small amounts of 
MK. For example 40% replacement of PC with an MK-PFA blend of MK:PFA ratio 
0.33 produces negligible expansion.
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5.2.1.4 Expansion of binary MK-PC and PFA-PC mortars at w/b ratios of 0.5 and 0.6 
exposed to synthetic seawater for up to 842 days
5.2.1.4.1 Expansion of binary MK-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.21 (a) shows the changes in expansion with MK content for binary MK-PC 
mortars exposed to synthetic seawater for up to 842 days. For mortar in seawater 
expansion rates are systematically reduced as the PC replacement levels with MK 
increase from 5 to 20% at 0.5 w/b ratio. Generally at w/b ratio 0.6 the mortars follow 
similar trends to those at w/b ratio 0.5 but have slightly lower expansion rates. 
However it should be noted that mortar bars with replacement levels of 5% and 10% 
show significantly higher expansion than that of the control. Bosc, et al., (1993) found 
a 60% reduction in expansion of a mortar with a 30% MK replacement of PC, as 
compared to the PC mortar control, when the mortars with a w/b ratio of 0.6 were 
immersed in seawater (at 20°C). The mortar contained a commercial sulphonated 
melamine-formaldehyde condensate plasticizer.
5.2.1.4.2 Expansion of binary PFA-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.21(b) shows the changes in expansion with PFA content for binary PFA-PC 
mortars exposed to synthetic seawater for up to 842 days. For mortar at w/b ratio 0.5 in 
seawater, expansion rates are systematically reduced as the PC replacement levels with 
PFA increase. Generally at w/b ratio of 0.6 the relationship between expansion and PC 
replacement level is less systematic, the order of increasing expansion at longer 
exposure times being 30% PFA, 40% PFA, control and 20% PFA, 10% PFA.
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5.2.7.5 Expansion of ternary MK-PFA-PC mortars with PC replacement levels of 10, 
20 30 and 40% at w/b ratios of 0.5 and 0.6 exposed to synthetic seawater for up 
to 842 days
Figures 5.22 and 5.23 show the changes in expansion for ternary MK-PFA-PC mortars 
with PC replacement levels of 10, 20, 30 and 40% exposed to synthetic seawater for up 
to 842 days. Generally at a total replacement level of 20% and above the resistance to 
expansion in synthetic seawater is better than the PC control. Also in general, 
replacement of PFA with MK leads to lower expansion although for the 10% 
replacement level the converse is true. In addition at the 10% replacement level all the 
blends show greater expansion than the control. Asbridge, et al., (1996) also found that 
the use of ternary blends in concrete can cause a reduction in expansion when 
investigating the reduction in porosity and CH removal in ternary PC/GGBS/MK 
concretes. The authors reported that the ternary blends examined would produce more 
durable concrete because of the refined pore structure, the reduction in diffusion rates 
and the reduction in CH content.
Weight changes have also been measured by the current author for similar binary and 
ternary mortar blends exposed to sodium sulphate solution and synthetic seawater, and 
are reported in subsequent sections.
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5.2.2 Weight change
The changes in weight of the PC (control) mortar at various w/b ratios, binary MK-PC, 
and PFA-PC and ternary MK-PFA-PC mortars at 0.5 and 0.6 w/b ratios are shown with 
respect to age in Figures 5.24 to 5.30.
5.2.2.1 Weight change of PC mortar at various w/b ratios under various exposure 
conditions
Figure 5.24 show the changes in weight of the PC mortar at various w/b ratios exposed 
to water or sodium sulphate solution or synthetic seawater for up to 730 days. The 
higher weight gain observed in seawater than in sulphate solution is attributed to the 
layer of brucite (low solubility) formation on the surface, and below that gypsum (see 
Figure 5.16 and 5.17, p. 156). A similar effect has also been reported by Taylor, (1994). 
The results (section 5.2.1.1) are also supported by the work of Santhanam et al., (2003) 
who showed that when mortar is exposed to seawater a brucite - gypsum double layer 
forms on the exposed surfaces. However brucite formation consumes large amounts of 
CH supplied by the hydrated paste (Santhanam, et al., 2002). When the available CH is 
depleted, the pH of the pore solution is lowered. In order to maintain the pH, the C-S-H 
can release CH to the solution re-establishing the pH. This contributes to the 
decalcification of the C-S-H, and destruction of the cementitious matrix of the mortar or 
concrete (Santhanam, et al., 2002). It is however of interest to note that the PC control 
with the lowest w/b ratio (0.4) shows the greatest increase in weight in synthetic 
seawater, which is contrary to what might be expected.
PC was replaced with MK, PFA and GPFA (Chapter 6) pozzolans at various 
replacement levels to evaluate weight changes in binary and ternary binders at w/b 
ratios of 0.5 and 0.6 under various exposure conditions.
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(a) Water








(b) Sodium sulphate solution
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Figure 5.24 Weight change of PC control mortar versus exposure time in (a) water, 
(b) sodium sulphate solution and (c) synthetic seawater at various w/b ratios for
730 days
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5.2.2.2 Weight change of binary MK-PC and PFA-PC mortars at w/b ratios of 0.5 and 
0.6 exposed to sodium sulphate solution up to 842 days
5.2.2.2.1 Weight change of binary MK-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.25(a) shows the changes in weight with MK content for binary MK-PC 
mortars exposed to sodium sulphate solution for up to 842 days. For mortars at w/b 
ratio of 0.5 as the MK replacement levels increase (up to 15%) weight gains are 
reduced. For mortars at w/b ratio 0.6 the mortars at the lower replacement levels (5% 
and 10%) of MK for PC disintegrated (failed) at about 4% weight increase.
5.2.2.2.2 Weight change of binary PFA-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.25(b) shows the changes in weight with PFA content for binary PFA-PC 
mortars exposed to sodium sulphate solution for up to 842 days. Mortars at both w/b 
ratios show that as the PFA levels increase the weight gains are reduced (systematic at 
w/b ratio of 0.5). It should be noted that PC mortar shows the highest weight gain at 
both w/b ratios for the MK-PC and PFA-PC mortars, with the exception of the PC 
replacement level of 5% MK at w/b ratio 0.6 which failed at 365 days. Clearly low 
levels of MK are deleterious to sulphate resistance particularly at high w/b ratios.
5.2.2.5 Weight changes of ternary MK-PFA-PC mortars with PC replacement levels 
of10, 20, 30 and 40% at w/b ratios of 0.5 and 0.6 exposed to sodium sulphate 
solution for up to 842 days
Figures 5.26 and 5.27 show the changes in weight for binary MK-PFA-PC mortars with 
PC replacement levels of 10, 20, 30 and 40% exposed to sodium sulphate solution for 
up to 842 days. As MK replacement levels increase (up to 15%) weight gains are 
systematically reduced with similar trends being observed for the binary MK-PC
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blends. Similar binary and ternary mortar blends were exposed to synthetic seawater. 
Although the PC control mortar consistently shows the highest weight gains, the 
difference in weight gains between the different blends is relatively small. However 
there is an overall reduction in weight gain with increase in PC replacement level. Also 
mortars containing blends with 0% MK and 5% MK generally show higher weight 
gains than the other mortar blends.
5.2.2.4 Weight change of binary MK-PC and PFA-PC mortars at w/b ratios of 0.5 and 
0.6 exposed to synthetic seawater up to 842 days
5.2.2.4.1 Weight change of binary MK-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.28a shows the changes in weight with MK content for binary MK-PC mortars 
exposed to synthetic seawater for up to 842 days. Weight changes are significantly 
greater in seawater than in sulphate solution. Also mortars with replacement levels of 
PC with MK below 20% show greater expansion than the PC control mortar. In fact to 
reduce the weight gain to below that of the PC control at both w/b ratios requires 20% 
MK replacement level of PC.
5.2.2.4.2 Weight change of binary PFA-PC mortar at w/b ratios of 0.5 and 0.6
Figure 5.28b shows the changes in weight with PFA content for binary PFA-PC mortars 
exposed to synthetic seawater for up to 842 days. It is interesting to note, and cannot be 
explained, that in contrast to the MK-PC mortars for all the PC replacement levels with 
PFA, at w/b ratio of 0.6 all the weight gains are below that of the PC control mortar but 
this is not the case at the lower w/b ratio of 0.5. The relationship between w/b ratio and 
capillary porosity is discussed on page 154. Penetration of magnesium sulphate ions 
into the mortar attacks the portlandite resulting in the formation of gypsum and brucite 
(Al-Amoudi, 2002). The results therefore suggest that at a w/b ratio of 0.6 PFA is
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particularly effective in blocking of the pores and restricting formation of gypsum and 
brucite.
5.2.2.5 Weight changes of ternary MK-PFA-PC mortars with PC replacement levels 
of 10, 20, 30 and 40% at w/b ratios of 0.5 and 0.6 exposed to synthetic 
seawater for up to 842 days
Figures 5.29 and 5.30 show the changes in weight for ternary MK-PFA-PC mortars with 
PC replacement levels of 10, 20, 30 and 40% exposed to synthetic seawater for up to 
842 days. Mortars exposed to seawater show similar trends at each replacement level at 
both w/b ratios. At higher total replacement levels (40%) the weight gain has been 
reduced at both water binder ratios. In fact at both w/b ratios as the total PC 
replacement level increases from 10% to 40% the weight increase relative to that of the 
PC control mortar systematically decreases i.e. at 10% replacement virtually all the 
pozzolanic mortars show weight gains above the PC control whereas at 40% 
replacement all the pozzolanic mortars show weight gains below the PC control. This is 
attributed to the dilution effect which reduces the amount of CH available to form 
gypsum and brucite. In addition the CH produced during cement hydration reacts with 
pozzolans and produces additional gel (Khatib, et al., 1996) thus reducing the CH 
content of the mortar even further. This alters the pore structure reducing the ingress of 
the seawater and the availability of the CH used for brucite formation (weight gain on 
exposed surfaces). However it is of interest to note, and cannot be explained, that at 
20% replacement in synthetic seawater weight gains are generally greater at w/b ratio of 
0.5 than at w/b ratio of 0.6, which is again not what might be expected.
In the next section the data for the binary and ternary mortar blends are presented 
graphically with expansion plotted with respect to weight gain.
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5.2.3 Expansion with respect to weight change of mortars at various w/b ratios 
under various exposure conditions
The PC (control) at various w/b ratios, binary MK-PC, PFA-PC, and the ternary MK- 
PFA-PC mortars results at w/b ratios of 0.5 and 0.6 are presented in Figures 5.31 to 
5.37. The data are presented graphically with expansion plotted with respect to weight 
gain.
5.2.3.1 Expansion with respect to weight change of PC mortar at various w/b ratios 
under various exposure conditions
Figure 5.31 shows the expansion with respect to weight change of the PC mortar at 
various w/b ratios exposed to water or sodium sulphate solution or synthetic seawater 
for 730 days. PC mortar exposed to water has both low expansion and weight gain. For 
specimens submerged in sodium sulphate solution there is a substantial weight increase 
(~ 2%) prior to any significant expansion occurring. This is followed by very 
substantial expansion occurring (~ 0.4%) with only minor weight increase. The initial 
weight increase without expansion is indicative of pore filling by sulphate-containing 
reaction products whereas the subsequent marked expansion accompanied by relatively 
small weight increase is indicative of completion of pore filling and generation of 
expansive pressure by further reaction product formation. The behaviour of specimens 
submerged in synthetic seawater shows a subtle difference from those in sodium 
sulphate solution. In this case the initial weight increase prior to expansion is even 
greater but subsequently the rate of expansion with respect to weight change is much 
less. However evidence from the thermogravimetric analysis results (p. 158) and also 
from the work of previous authors (Taylor, 1994 and Santhanam, et al., 2002) suggests 
that in synthetic seawater much of the reaction products (brucite and gypsum) form at
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Figure 5.31 Expansion with respect to weight change of PC control mortar exposed 
to (a) water, (b) sodium sulphate solution and (c) synthetic seawater at various w/b
ratios for 730 days
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and just within the surface layers of the specimen. There might therefore be expected to 
be much greater weight increase because of the lack of any volume restriction at the 
open surface but much lower expansion because reaction products tend to be surface 
deposited and CH is being removed from the interior. It should also be noted that 
because formation of brucite and gypsum at and within the surface layers deplete the 
pore solution of lime this causes a drop in pH, decalcification of the C-S-H gel and the 
weakening of the cementitious bonding.
5.2.3.2 Expansion with respect to weight change of binary MK-PC and PFA-PC 
mortar at w/b ratios of 0.5 and 0.6 exposed to sodium sulphate solution
Figure 5.32 shows the expansion with respect to weight change of the binary MK-PC 
and PFA-PC mortars at w/b ratios of 0.5 and 0.6 exposed to sodium sulphate solution 
for 730 days. For MK-PC specimens submerged in sodium sulphate solution there is a 
substantial weight increase (~ 2%) at all replacement levels with the occurrence of 
minor expansion. This is followed at low replacement levels (5 and 10% MK) by 
substantial expansion occurring (up to 0.4%) with only minor weight changes. This is 
not the case at higher replacement levels (15 and 20% MK) with only minor expansion 
occurring. For PFA-PC mortars (Figure 5.32(b)) with the 10% PFA replacement level 
the results follow a similar trend to those observed for the 5 and 10% MK replacement 
of PC. The results for the other PFA replacement levels follow similar trends to those 
observed for the mortars with 15 and 20% MK levels. Both the MK-PC and PFA-PC 
mortars show similar initial weight increases (~ 2%) without expansion, to those 
observed for the PC mortars. The substantial expansion that follows the initial weight 
increase observed for the PC mortar (up to 0.4%) only occurs at the lower replacement 
levels in both the MK-PC and PFA-PC mortars (5 & 10% MK and 10% PFA). This
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suggests that at lower replacement levels the pozzolans have not reduced sufficiently the 
portlandite content and/or modified the pore structure to significantly reduce the 
permeability of the hydrated cement paste. This is not the case at higher replacement 
levels where the capacity of the sulphate ions to penetrate deeper into the mortar and 
attack the portlandite to form gypsum has been diminished (Al-Amoudi, 2002). Also at 
higher replacement levels the pozzolans decrease the C3A content (dilution effect) of the 
mortar thus reducing the aluminate-bearing phases (Al-Amoudi, 2002), and also the 
relative quantity of CH available is lowered.
5.2.3.3 Expansion with respect to weight change of ternary MK-PFA-PC mortars with 
PC replacement levels of 10, 20, 30 and 40% at w/b ratios of 0.5 and 0.6 
exposed to sodium sulphate solution
Figures 5.33 and 5.34 show the expansion with respect to weight change of the ternary 
MK-PFA-PC mortars with PC replacement levels of 10, 20, 30 and 40% at w/b ratios of 
0.5 and 0.6 exposed to sodium sulphate solution for 730 days. For MK-PFA-PC 
specimens submerged in sodium sulphate solution there is a substantial weight increase 
(~ 2%) at all replacement levels before the occurrence of expansion. The initial weight 
increase without expansion is again indicative of the pore filling by the sulphate 
containing reaction products. This is followed at low replacement levels (Figure 
5.33(a)) (10% total replacement level) by substantial expansion occurring (up to 0.4%) 
with respect to weight change at both w/b ratios. This is not the case at higher 
replacement levels (Figures 5.33(b), 5.34(a) and 5.34(b)) with only minor expansion 
with respect to weight change occurring. The substantial expansion with respect to 
weight change, that follows the initial weight increase observed for the PC (up to 0.4%), 
only occurs at low replacement (10% total replacement) levels in the MK-PFA-PC 
mortars. This suggests that at a particular w/b ratio a minimum total replacement level
































£ Expansion (%) Expansion (%)






2 2 S J2 T3
o S a . C« *•*• « b 
^ rt- to'
&d O 2 
*•+• -^ ° *•
V5 £2* (Q
o &q * „ 
Si tr * -o - g«*
s £ " g
£ era h*? *•; -*• ^J fD -0 •
g" S, *^" ^^- °°













° * C | "
^3 - s ;* cr. " ji.
^ to O o o





o w <^ b
"0 TJ | 
f- •> ~0 QJ





















i s ^ ^
§ i * -V, 3 ^
c" S o ^
§' 5? n ^
° is; ° o
S- ^ 1 1
3 ^ S i"
? > i 1 65 ^ 3 ^
an - E ® B Expansion (%) ^ Expansion (%) (D
P (D <
®O -"^"f? 5T ??=?=?. °« Sr
,-! S. °




o> ^0 b "
* 3 •:• v^ ro
•^4 'rt (5' (ij J« ^
0 » 0 *
CL S I b
^ B s




















o » s "
_i 0 ^. ffi °
Hi Is- ^ ° 6' § ^ s- ^
T] TJ v— ' CD
5 > ro g g-
> >0)
g 5 ° '



































































































g Expansion (%) Expansion (%)
^5 o o C> o o ooooo







O £ S o.
S ** f °
a. o ~
<* 2. " 0 TO i o,
a- B" ^ b 5' ~ 
B | £
e B













o « S S «
s o a" | °
i 1 ?• E * ^ i. O Jo
| S P |
Tl > ^ 0
= i?












* • S. s o cr
S J 3 P! §••
s p o





•" ^ 2 7> -V.
S3 > > £ & T) TJ
O \~^ ~D ~0
B J5 O O
S. W S ra
^ ^d al oT
j-jp *r| o o
3 hs S g
ft O ^ ~








?J T> £" W ~ 3-
O S* o" j»
a S • ° ' ft5 B 
'-*< B "






- —— • a
3 O O O t








, x • en bS-°££ w"
O ° '**'
o Q — h o
^ ^






I > JO |'%*
O *
i P 1 i

































































Performance / durability in water, sodium sulphate solution and synthetic seawater Chapter 5
of MK and/or PFA is required to improve the performance of mortars when exposed to 
sodium sulphate solution compared to that of the PC control.
5.2.3.4 Expansion with respect to weight change of binary MK-PC and PFA-PC 
mortar at w/b ratios of 0.5 and 0.6 exposed to synthetic seawater
Figure 5.35 shows the expansion with respect to weight change of the binary MK-PC 
and PFA-PC mortars at w/b ratios of 0.5 and 0.6 exposed to synthetic seawater for 730 
days. The behaviour of specimens submerged in synthetic seawater shows a subtle 
difference from those in sodium sulphate solution. In this case the weight increase 
before the onset of expansion is even greater but the rate of expansion with respect to 
weight change is much reduced. Similar trends are observed at both w/b ratios in the 
MK-PC blended mortars (Figure 5.35(a)). The 20% MK replacement of PC shows 
lower rates of expansion with respect to weight change at both w/b ratios. It is 
interesting to note that in the PFA-PC (Figure 5.35(b)) blends the 40% PFA 
replacement of PC at w/b ratio 0.6 shows higher expansion with respect to weight 
change than the PC control and other PFA-PC blends at early exposure times. These 
data for 40% PFA-PC mortars suggest a systematic initial error occurred when setting 
up the expansion equipment (see Figure 5.35(b) w/b ratio 0.6). Both the MK-PC and 
PFA-PC mortars show similar initial weight increases without expansion to that 
observed for the PC. The increased expansion with respect to weight change that 
follows the initial weight increase observed for the PC occurs at all replacement levels 
in MK-PC and PFA-PC mortars but at a reduced rate (exceptions being at 20%MK and 
40%PFA). As suggested previously the steady increase in the rate of expansion, which 
occurs initially due to the diffusion of sulphate ions into the surface layers of the mortar, 
is subsequently retarded by the build up of the brucite (low solubility) layer, and below 
that gypsum (Taylor, 1994) which gradually inhibits further diffusion of sulphate into
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Performance / durability in water, sodium sulphate solution and synthetic seawater Chapter 5
the mortar (O'Farrell, et al., 2000). Thus it may be deduced that samples showing large 
increases in weight but small expansion are ones in which most of the expansion 
products are surface deposited whereas specimens showing large expansion with small 
weight increase are ones in which expansion products are deposited in internal pores.
5.2.3.5 Expansion with respect to weight change of ternary MK-PFA-PC mortars with 
PC replacement levels of 10, 20, 30 and 40% at w/b ratios of 0.5 and 0.6 
exposed to synthetic seawater
Figures 5.36a, 5.36b, 5.37a and 5.37b show the expansion with respect to weight change 
of the ternary MK-PFA-PC mortars with PC replacement levels of 10, 20, 30 and 40% 
at w/b ratios 0.5 and 0.6 exposed to synthetic seawater for 730 days. Again replacement 
levels show a weight increase before the onset of expansion. At 10 and 20% total 
replacement levels (Figures 5.36a and 5.36b) the rate of expansion with respect to 
weight increase is much greater than that observed at 30 and 40% total replacement 
levels (Figures 5.37a and 5.37b). The ternary blended mortars show lower expansion 
rates with respect to weight change when exposed to seawater than the binary mortar 
blends at both w/b ratios of 0.5 and 0.6 particularly at higher replacement levels (30% 
and 40%). For example all compositions at 40% total replacement level show low 
expansion rates with respect to weight change. However because of the cost of MK 
only the lower replacement level of MK with PFA (5% MK with 35% PFA) would be 
economically viable for use in construction projects sited or submerged in seawater e.g. 
harbour walls. Generally the MK and PFA binary mortars at all replacement levels 
have lower rates of expansion with respect to weight change when compared to the PC 
control. It is interesting to note that in the PFA-PC (Figure 5.37b) blends the 40% PFA 
replacement of PC at w/b ratio 0.6 shows higher expansion with respect to weight
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change than the PC control and other PFA-PC blends at early exposure times. These 
data for 40% PFA-PC mortars suggest that a systematic initial error occurred when 
setting up the expansion equipment (see Figure 5.37(b) w/b ratio 0.6)
5.3 Sorptivity
The changes in sorptivity of the PC (control) mortar at various w/b ratios, the binary 
MK-PC, PFA-PC, GPFA-PC (Chapter 6) and the ternary MK-PFA-PC mortars at a 0.5 
w/b ratio are shown with respect to age in Figures 5.38 and 5.40 to 5.44. The PC 
(control) and the binary and ternary PC mortars were exposed to water or sodium 
sulphate solution or synthetic seawater for up to 730 days. The water sorptivity data are 
used as a control to compare with the sodium sulphate solution and synthetic seawater 
sorptivity data. Sorptivity, or capillary suction, is the transport of liquids in porous 
solids due to tension acting in capillaries. Sorptivity measurements were made on the 
surfaces of disks which were cut from the interior of cubes. Therefore if the sorptivity 
values for the control mortars in water are equivalent to those for the same mortars in 
the aggressive solutions it will provide both confirmation of the reliability of the results 
and also confirmation that the internal pore structure at the centres of the cubes is little 
affected by the aggressive solutions.
5.3.1 Sorptivity of binary MK-PC mortar at a w/b ratio of 0.5 under various 
exposure conditions
Figure 5.38 shows the changes in sorptivity of the MK-PC mortars at w/b ratio of 0.5 
exposed to water, sodium sulphate solution and synthetic seawater for up to 730 days. 
All MK-PC mortars have lower sorptivity than the PC control. Generally as MK 
replacement levels of PC increase as might be expected sorptivity decreases because of 
pore refinement and the development of a more discontinuous pore structure. Also MK
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has a microfiller (physical) effect which fills the pore spaces with fine particles 
(Goldman and Bentur, 1994). Reduction in sorptivity occurs over extended exposure 
times up until 548 days in all exposure conditions. Carbonation of mortar also reduces 
capillary porosity (Bias, 2000) with a solid volume increase occurring of around 11% in 
the conversion of Ca(OH)2 to CaCO3 (De Ceukelaire and Van Nieuwenburg, 1993). 
This could also contribute to the decreasing sorptivity over time although as the 
specimens are fully immersed carbonation should not be a problem. Surprisingly at 730 
days the sorptivity of the mortars increase, at all replacement levels and exposure 
conditions, including that of the control. This indicates a reversal of the trends of 
increasing pore refinement with age and suggests a limited 'opening up of the pore 
structure' at extended ages. It is suggested that this increase in sorptivity may be 
associated with polymerisation of the silicate anion tetrahedra i.e. by condensation 
polymerisation. When cement is mixed with water a monomer (SiC>4 tetrahedra; four 
oxygen atoms form covalent bonds to an atom of silicate) has reactive groups on each 
end and joins together with other monomers to form a polymer. Polymers can link 
together in a variety of ways for example in large sheets or chains and possibly co- 
polymerise with polyhedra cations, most notably Ca2+ (Barnes, 1983). Portland cement 
contains silicates which are minerals that contain some form of the silicate anion and 
various cations (for example calcium, sodium, magnesium, iron or aluminium). Charge 
is dependent on any substitution of atoms, notably A13+ which makes the anions 
relatively more negative (Barnes, 1983). The oxygen atom has an extra electron and in 
the presence of water, silicates hydrate. Hydrated silicates can have just one, or three or 
even four hydrogens attached to the silicate anion. Monomers and dimers formed when 
cement is originally mixed with water contain Si-O-H bonds and therefore further 
reactions are feasible at longer hydration times see Figure 5.38. Hanna et al., (1995)
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(a) Water
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(c) Synthetic seawater
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Figure 5.38 Sorptivity versus exposure time of binary MK-PC mortar at a w/b 
ratio of 0.5 under various exposure conditions for up to 730 days
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Figure 5.39 Schematic diagram of condensation polymerisation of silicate anions
with covalent bonds
reported that at 28 days silicate condensation of cement paste with a water/solid ratio 
0.5 was 23.5% with similar results being observed for a paste with 18 wt. % PFA 
replacement level of PC. Beyond 548 days it is suggested that further polymerisation 
reactions occur and release water which on evaporation during drying will create 
additional internal space. This may be a possible cause of the increase in sorptivity at 
730 days when the normal hydration processes have terminated.
5.3.2 Sorptivity of binary PFA-PC mortar at a w/b ratio of 0.5 under various 
exposure conditions
Figure 5.40 shows the changes in sorptivity of the PFA-PC mortar at a w/b ratio of 0.5 
exposed to water, sodium sulphate solution and synthetic seawater for up to 730 days. 
In contrast to the trends for MK mortars, for PFA mortars generally as PFA replacement 
levels of PC mortar increase sorptivity increases. Reduction in sorptivity does occur 
over extended exposure times and is more rapid at higher replacement levels which 
means that at 730 days sorptivity levels are very similar at all PFA levels. At the same 
replacement levels sorptivities of binary MK-PC mortars are substantially less than 
those of binary PFA-PC mortars.
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(a) Water
I (PQO 010 B20 Q30 • 40 (%) PFA replacement level
28 90 180 365 548 730
(b) Sodium sulphate solution
I(PC)0 010 B20 D30 140 (%) PFA replacement level
730
(c) Synthetic seawater
I (PQO D10 D30 140 (%) PFA replacement level
28 730
Figure 5.40 Sorptivity versus exposure time of binary PFA-PC mortar at a w/b 
ratio of 0.5 under various exposure conditions for up to 730 days
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5.3.3 Sorptivity of ternary MK-PFA-PC mortars with PC replacement levels of 10 
20, 30 and 40%at a w/b ratio of 0.5 exposed to various exposure conditions 
for up to 730 days
Figures 5.41, 5.42, 5.43 and 5.44 show the changes in sorptivity for ternary MK-PFA- 
PC mortars with PC replacement levels of 10, 20, 30 and 40% exposed to water, sodium 
sulphate solution and synthetic seawater for up to 730 days. Generally sorptivity 
decreases up to 548 days and then tends to increase slightly at 730 days. At a given PC 
replacement level as the MK replacement level of PC increases (and the PFA level 
decreases) the sorptivity of the mortar decreases suggesting that MK has a greater 
influence on pore space refinement and pore blocking than PFA. There are therefore 
clear advantages with respect to sorptivity reduction in blending PFA with MK. 
Sorptivity of the mortar blends decreases due to pore refinement and pore blocking as 
more gel is formed within the capillary pores, causing constrictions and closing some of 
them off (Wild, 1989). Bai, et al., (2002b) in earlier work also found that metakaolin 
blended materials show a reduction in sorptivity values when investigating air-cured 
and water-cured PC-PFA-MK concrete.
Porosity for similar binary and ternary mortar blends exposed to sodium sulphate 
solution and synthetic seawater have also been measured by the current author, and are 
reported in subsequent sections.
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(a) Water








(b) Sodium sulphate solution
730
0%IVK10%PFA •5%NK5%FFA D10%IYKO%FFA




0%IVK-10%FFA B5%IVK-5%PFA O 10% NK-0% FFA
730
Figure 5.41 Sorptivity versus exposure time of ternary MK-PFA-PC mortars with 
PC replacement level of 10% at a w/b ratio of 0.5 under various exposure
conditions for up to 730 days
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Figure 5.42 Sorptivity versus exposure time of ternary MK-PFA-PC mortars with 
PC replacement level of 20% at a w/b ratio of 0.5 under various exposure
conditions for up to 730 days
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Figure 5.43 Sorptivity versus exposure time of ternary MK-PFA-PC mortars with 
PC replacement level of 30% at a w/b ratio of 0.5 under various exposure
conditions for up to 730 days
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Figure 5.44 Sorptivity versus exposure time of ternary MK-PFA-PC mortars with 
PC replacement level of 40% at a w/b ratio of 0.5 under various exposure
conditions for up to 730 days
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5.4 Porosity
The changes in threshold radius of the PC (control) paste at various w/b ratios, the 
binary MK-PC (10, 15 and 20%), PFA-PC (10 and 40%), and the ternary MK-PFA-PC 
(40% total replacement level) pastes at a w/b ratio of 0.4 and the ternary MK-PFA-PC 
(40% total replacement level) pastes at a w/b ratio of 0.5 are shown in Figures 5.45 to 
5.47. The specimens were exposed to water, sodium sulphate solution and synthetic 
seawater for 28 and 548 days respectively. The changes in total cumulative pore 
volume of these specimens are presented graphically in Appendix VI.
5.4.1 Threshold radius of PC pastes at various w/b ratios under various exposure 
conditions
Figure 5.45 show the changes in threshold radius of the PC (control) paste at various 
w/b ratios exposed to water, sodium sulphate solution and synthetic seawater for 28 and 
548 days. PC paste cured in water shows reduced threshold radius values as the w/b 
ratios increase at 28 days whereas at 548 days all three w/b ratios threshold radius 
values have been reduced. It is surprising that at a lower w/b ratio the PC paste would 
be expected to have a lower threshold radius. A paste with a higher w/b ratio would 
have more water available that would not be used in the hydration process and create 
more additional porosity in the form of capillary pores (Wild, 1989). In fact the 
threshold radius value is highest for the lowest w/b ratio for pastes cured in water. This 
is inconsistent to what has been reported by Wild, (1989) and attributed to poor 
compaction of the paste in the moulds and/or lack of water for hydration up to 14 days 
(due to moist curing). In sodium sulphate solution the threshold radius increases as the 
w/b ratio increases and reduces between 28 and 548 days at all w/b ratios levels. A 
similar trend is observed for pastes in synthetic seawater as in the sulphate solution
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(exception being at w/b ratio of 0.5 in synthetic seawater). The increase in threshold 
radius value for w/b ratio 0.5 paste exposed to seawater at 548 days is attributed to the 
formation of brucite and gypsum. Large amounts of CH are depleted contributing to the 
decalcification of the C-S-H gel causing a breakdown of the cementitious matrix 
(Santhanam, et al., 2002).
10.3 D0.4 10.5 w/b ratio
28 days 548 days 
Water
28 days 548 days
Sodium sulphate 
solution
28 days 548 days 
Synthetic seawater
Figure 5.45 Threshold radius of PC control at various w/b ratios under various 
exposure conditions for 28 and 548 days
5.4.2 Threshold radius of binary MK-PC and PFA-PC pastes at a w/b ratio of 0.4 
under various exposure conditions
Figure 5.46(a) shows the changes in threshold radius of binary MK-PC pastes at a w/b 
ratio of 0.4 exposed to water, sodium sulphate solution and synthetic seawater for 28 
and 548 days. In water, for PC only (Figure 5.46(a)) there is a significant drop in 
threshold radius (TR) between 28 and 548 days. When MK is incorporated in the PC 
the TR drops substantially by 28 days and there is little further reduction up to 548 days. 
Increasing the replacement level of PC with MK from 10 to 20% produces very little 
further reduction in TR. Also the TR values of all compositions (including the control)
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are very similar after 548 days. The data indicate that MK produces rapid pore 
refinement of the paste when cured in water. In sodium sulphate solution and seawater 
the PC control shows a marked reduction in TR at 28 days relative to that in water 
(Figure 5.46(a)) suggesting that within 28 days reaction of the two solutions modifies 
the pore structure and produces constrictions. Between 28 days and 548 days the 
process continues to a limited degree for the PC control but there is very little further 
change in TR for the MK-PC pastes.
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Figure 5.46 Threshold radius of binary (a) MK-PC and (b) PFA -PC pastes at a 
w/b ratio of 0.4 under various exposure conditions for 28 and 548 days
Hydration, pore development and chemical resistance of MK-PFA-PC blends 203
Performance / durability in water, sodium sulphate solution and synthetic seawater Chapter 5
When PFA is incorporated in the PC (Figure 5.46(b)) similar overall trends are 
observed as with the MK-PC pastes. However after 28 days pastes containing PFA 
exhibit generally higher TR values compared to pastes containing MK (Figure 5.46(a)) 
in all three exposure environments. Also there is a consistent drop in TR values 
between 28 and 548 days in all three exposure environments when PFA is used as a 
partial cement replacement. This confirms that MK acts more rapidly in modifying the 
pore structure and producing pore constrictions than does PFA. However after 548 days 
there appears to be very little difference between the two systems with respect to 
threshold radius.
5.4.3 Threshold radius of Ternary MK-PFA-PC pastes
The changes in threshold radius of ternary MK-PFA-PC pastes with 40% total 
replacement of PC at w/b ratios of 0.4 and 0.5 exposed to water, sodium sulphate 
solution and synthetic seawater for 28 and 548 days are shown in Figure 5.47. In water 
at 28 days there is at both w/b ratios (Figure 5.47) a general fall in TR as the proportion 
of MK increases relative to the proportion of the PFA. Also there is a consistent 
reduction in TR between 28 days and 548 days, this reduction being greatest at low 
MK/PFA ratios. Thus at 548 days TR values are similar for all paste compositions. 
The observations again confirm the greater effectiveness of the MK relative to the PFA 
in modifying the pore structure and constricting the pores at early ages.
In sodium sulphate solution and seawater at 28 days there is for both w/b ratios a 
tendency for the TR to fall as the MK to PFA ratio increases but the changes are less 
systematic. Also the changes in TR between 28days and 548 days are less pronounced 
particularly at the w/b ratio 0.5. Again this indicates that after 28 days in the aggressive 
solutions the pore structure has been further modified by reaction with the aggressive
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Figure 5.47 Threshold radius of ternary MK-PFA-PC pastes with PC replacement 
level of 40% at w/b ratios of (a) 0.4 and (b) 0.5 under various exposure conditions
for 28 and 548 days
solutions. Surprisingly the data indicate that for the w/b ratio and exposure times 
investigated, change in w/b ratio does not have major influence of TR.
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CHAPTER 6
PHYSICAL PROPERTIES AND PERFORMANCE / 
DURABILITY OF GROUND PFA-PC BLENDS
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CHAPTER 6: PHYSICAL PROPERTIES AND PERFORMANCE / 
DURABILITY OF BINARY GROUND PFA-PC PASTES
6.1 Physical properties of binary GPFA-PC pastes
The results from rates of heat evolution and heat of hydration are presented and 
discussed in the following section.
6.1.1 Rates of heat evolution and heat of hydration of binary GPFA-PC pastes
Figures 6.1 and 6.2 show the changes in rates of heat evolution and heat of hydration of 
the GPFA-PC pastes at w/b ratio 0.5. Averages of two sets of test data were recorded 
for each of the binary GPFA-PC pastes.
6.1.1.1 Rates of heat evolution of binary GPFA-PC pastes indicated by the first and 
second peaks
Figure 6.1 shows the changes in rates of heat evolution of the GPFA-PC pastes. The 
rate of heat evolution can have three peaks but in the current work with binary pastes 
only two appear. The first peak (Figure 6.1(b)) occurs within the first four minutes with 
the second peak (Figure 6.1(c)) occurring between 7 to 10 hours. The two peaks are 
plotted on separate graphs to highlight the variations in heat output for up to 60 hours.
As expected the highest rate of heat output is shown by the PC control in the first and 
second peaks. Generally as the GPFA replacement level increases the rate of heat 
evolution decreases in the case of the first and second peaks. It is suggested that the 
reduction in heat output of the GPFA-PC pastes may be caused by the dilution of PC 
content and the negligible contribution from the pozzolanic activity by the GPFA.
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Figure 6.1 Rate of heat evolution versus time for various binary GPFA-PC pastes 
for period (a) 0 - 60 hrs, (b) 0 - 0.5 min (first peak) and (c) 1 - 60 hours (second
peak)
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When comparing the rates of heat evolution (second peak) of GPFA pastes 
(Figure6.1(c)) to PFA pastes (Figure 4.7(c)) the results are similar this is not the case in 
the first peak.
6.1.1.2 Heats of hydration of binary GPFA-PC pastes
Figure 6.2 shows the heats of hydration for binary GPFA-PC pastes. The heat of 
hydration data are plotted on two separate graphs (0 - 24 hours with a range of 0 - 200 
J/g and 24 - 120 hours with a range of 150 - 450 J/g) to show the variations in 
cumulative heat output.
When comparing the heats of hydration of GPFA pastes (Figure 6.2) to PFA pastes 
(Figure 4.12) the results are similar (except at 10 % and 20 % replacement levels the 
heat outputs are substantially higher for heats of hydration). The higher observed heat 
outputs at 10 % and 20 % replacement levels could be attributed to the acceleration of 
C3 S/C2 S hydration. The highest observed heat output is for the 10% replacement level 
(60.3 % higher than that observed for the PFA)
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Figure 6.2 Heats of hydration verses time for various binary GPFA-PC pastes for 
the periods (a) 0 -120 hrs (b) 0 - 24 hrs and (c) 12 - 120 hrs
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6.2 Performance / durability of GPFA-PC exposed to water, sodium sulphate 
and synthetic seawater
The results from strength development, expansion and weight change and sorptivity are 
presented and discussed in the following section.
6.2.1 Strength of binary GPFA-PC mortar at a w/b ratio of 0.5 under various 
exposure conditions up to 730 days
The changes in compressive strength with GPFA content for binary GPFA-PC, mortars 
exposed to water (28, 90, 365 730 days), sodium sulphate solution or synthetic seawater 
(28, 90, 180, 365, 548 and 730 days) are shown in Figures 6.3 and 6.4. Figure 6.3 show 
the changes in compressive strength with GPFA content for binary GPFA-PC mortars. 
In mortar exposed to water (Figure 6.3(a)) or sulphate (Figure 6.3(b)) the PC control 
shows higher strength up to 90 days than the other mortars. Thereafter mortar at all 
replacement levels attains or exceeds the strength of the PC control mortar. This may 
be due to the delayed pozzolanic reaction which is influenced by the specific surface of 
the GPFA particles (Langan et al., 2002). Similar strength values are observed in both 
water and sulphate solution at all exposure periods up to 730 days. However in mortar 
exposed to seawater for 730 days (Figure 6.3(c)) the GPFA only attains strengths 
similar to those observed in water and sulphate solution at high replacement levels (30 
and 40%). When comparing the strength development of PFA mortar with GPFA 
mortar, exposed to water (Figures 5.5(a) and 6.3(a)), sulphate solution (Figures 5.5(b) 
and 6.3(b)) and seawater (Figures 5.5(c) and 6 3(c)) the observed trends are very 
similar. The only difference is that there seems to be rather less spread of strength 
values for mortars with GPFA relative to mortars with PFA, at the different replacement 
levels. These results suggest that grinding PFA has very little effect on the performance 
of mortar exposed to water, sodium sulphate solution or synthetic seawater.
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Figure 6.3 Strength of binary GPFA-PC mortar versus various exposure times in 
water, sodium sulphate solution and synthetic seawater at a w/b ratio of 0.5 for up
to 730 days
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6.2.2 Strength Deterioration Factor of Binary GPFA-PC mortar at a w/b ratio of 
0.5
Figure 6.4 shows the SDF value for GPFA-PC mortar exposed to respectively sodium 
sulphate solution and synthetic seawater relative to equivalent water-cured mortar at 
particular exposure periods of up to 730 days. Overall the patterns are very similar to 
those for PFA-PC mortar (Figures 5.5) although in sulphate solution the change in SDF 
values with increase in pozzolan content is less systematic. Also SDF values for GPFA-
(a) Sodium sulphate solution





GPFA replacement level (%)




GPFA replacement level (%)
Figure 6.4 SDF of binary GPFA-PC mortar versus GPFA replacement level in 
sodium sulphate solution and synthetic seawater at a w/b ratio of 0.5 for up to 730
days
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PC mortars in seawater are generally lower than those for PFA-PC mortars in seawater 
indicating improved durability for the former.
6.2.3 Strength of binary 10% GPFA-PC and 10% PFA-PC mortar at a w/b ratio 
of 0.5 moist cured for 14 days and then water cured for 14 days
Figure 6.5 show the changes in compressive strength with curing period for binary 10% 
GPFA-PC mortar compared to a 10% PFA-PC mortar control which were moist cured 
for 14 days and then water cured for 14 days. The data are used to assess if the 
observed increase in heat of hydration of PC containing GPFA has any influence on 
early strength development in 10 % GPFA-PC blended mortars.
IPFA D GPFA (10%) replacement level
28
Figure 6.5 Strength of binary 10% PFA-PC and 10% GPFA-PC mortars versus 
curing time (specimens at a w/b ratio of 0.5 were moist cured for 14 days and then
water cured for 14 days)
Strengths at one and four days of the binary 10% GPFA-PC blended mortar (Figure 6.5) 
are slightly lower than those observed for the binary 10% PFA-PC blended mortar. One 
hypothesis suggested by Lawrence, et al., (2003) explaining this short-term 
enhancement of cement hydration is that the thickness of the hydrated layer formed
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around the cement grain is reduced when mineral particles are present. The hydration 
of the anhydrous part, which rapidly becomes related to diffusion phenomena, is then 
facilitated (Lawrence, et al., 2003). Consequently, if the particles of mineral admixture 
(in this case GPFA) are sufficiently fine and near the cement particles, this leads to an 
enhancement of cement hydration (Lawrence, et al., 2003). The author's reported that 
the degrees of hydration in the short term of mortar containing a chemically inert 
admixture (quartz) are always higher than those for the reference mortar (Lawrence, et 
al., 2003). At 14 and 28 days the strength values are similar for both PFA and GPFA. 
The observed increase in heat of hydration of PC containing GPFA suggests that there 
is no significant influence on early strength development in 10 % GPFA-PC blended 
mortar, and the strength of the GPFA mortar are in fact slightly lower than those of the 
PFA mortar.
6.2.4 Strength of binary 10% PFA-PC and 10% GPFA-PC mortar (with and 
without the residual carbon being removed from the PFA / GPFA) at a w/b 
ratio of 0.5 moist cured for 14 days and then water cured for 14 days
The strength development of 10% PFA or 10% GPFA blended PC mortar (with and 
without the residual carbon being removed from the PFA) moist cured for 14 days and 
then water cured for 14 days is shown in Figure 6.6. The PFA and GPFA mortars 
containing carbon are used as a control to assess if residual carbon present in PFA and 
GPFA influences strength development. Equivalent PFA-PC and GPFA-PC mortars 
again show similar strengths at both curing times. However PFA-PC and GPFA-PC 
mortars with carbon removed from PFA show consistently lower strength values at both 
curing times, when compared to PFA-PC and GPFA-PC mortars without removal of 
carbon from the PFA. Goldman and Bentur, (1994) reported that carbon black causes 
the formation of a dense interfacial microstructure which apparently leads to more
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Figure 6.6 Strength of binary 10% PFA-PC and 10% GPFA-PC mortars (with and
without the residual carbon being removed from the PFA) versus exposure time at
a w/b ratio of 0.5 moist cured for 14 days and then water cured for 14 days
effective bonding between the paste matrix and the aggregate. Carbon black when 
partially replacing PC in concrete enhances strength but has little effect on paste 
strength which confirms that it is the interfacial zone that has been modified. The 
current results suggest that carbon has a significant effect on strength development in 
both PFA-PC and GPFA-PC mortar whereas grinding the PFA has little impact. 
However this requires further investigation in order to identify the key parameters 
influencing carbon's function in strength development of mortar.
It is of interest to note that Paya, et al, (1998) reported that the highest carbon content 
in sieved FA fractions was for FA fractions containing particles greater than 80 urn in 
diameter. The authors reported that in general, un-burnt carbon decreases as fineness 
increases suggesting that carbon content separation accompanies separation of the fly 
ashes by sieving (Paya, et al., 1998). In the current work particle size distribution
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(Figure 3.3) and specific surface (Table 3.15) of un-ground PFA with residual carbon 
and with the carbon removed are similar. However particle size distribution and 
specific surface (GPFA is 1.36 m2g with residual carbon removed is 0.82 m2g) are 
reduced when carbon is removed from the GPFA. Thus when FA is ground it appears 
that carbon particles are easily broken down by the grinding process to produce finer 
particles. This would suggest that although the presence of carbon produces some 
strength enhancement of the mortar refining the carbon by grinding does not further 
improve strength.
6.3 Expansion and weight change of GPFA-PC mortar in sodium sulphate 
solution and synthetic seawater
Figures 6.7 and 6.8 respectively show the expansion and weight change of GPFA-PC 
mortars with time at w/b ratio of 0.5 and Figure 6.9 shows the expansion with respect to 
weight change. Similar expansion rates are observed when comparing the GPFA-PC 
mortar to the PFA-PC mortar (exception being at 10% binary replacement level where 
expansion is substantially reduced).
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Figure 6.7 Expansion of GPFA-PC mortars versus exposure time in water, sodium 
sulphate solution and to synthetic seawater at a w/b ratio of 0.5 for up to 842 days
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Figure 6.8 Weight change of binary GPFA-PC mortars versus exposure time 
exposed to water, sodium sulphate solution and to synthetic seawater at a w/b ratio
of 0.5 for 842 days
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Figure 6.9 Rate of expansion with respect to weight change of binary GPFA-PC 
mortars under various exposure conditions for up to 730 days
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6.4 Sorptivity of GPFA-PC mortars
Each sorptivity value is an average from two 75 x 30 mm disks. The sorptivity 
graphical data for the binary GPFA-PC mortars are presented in Figure 6.10. Similar 
sorptivity values are observed when comparing the GPFA-PC mortar to the PFA-PC 
mortar.
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Figure 6.10 Sorptivity versus exposure time of binary GPFA-PC mortar at a w/b 
ratio of 0.5 under various exposure conditions for up to 730 days
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Even though authors (Bouzoubaa, el al., 1997 and Long, et al., 2002) have reported that 
grinding of PFA causes higher pozzolanic reactivity, improves the particle packing 
density of cementitious systems, and enhances their mechanical properties and 
durability this was not observed in this study. Grinding of PFA for 15 minutes uses 
electricity (burning of fossil fuels) which causes emission of greenhouse gases 
responsible for global warming. For environmental cost to be justified there must 
therefore be a significant improvement in the performance and durability of the mortar. 
The author suggests that the grinding of PFA, in this case 15 minutes, has very little 
effect on the strength development and durability of mortar exposed to sodium sulphate 
solution or synthetic seawater. In fact the author observed that the presence of residual 
carbon in the PFA appears to have a greater impact on strength development than does 
grinding. It is suggested that increasing the specific surface by grinding may have 
modified the chemistry of the PFA in ways that were not particularly advantageous. 
This requires further investigation.
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CHAPTER 7: SUMMARY AND DISCUSSION
The results for binary (MK-PC and PFA-PC) and ternary (MK-PFA)-PC mortar and 
paste blends (physical properties and performance / durability) exposed to water, 
sodium sulphate solution and synthetic seawater from chapters four and five are 
summarised and discussed in the subsequent sections.
7.1 Setting times, heat evolution and hydration
Both setting time and heat evolution are a function of hydration and the results reported 
in Chapter 4 clearly indicate that the two pozzolans PFA and MK have different effects 
both on setting times and heat evolution of the binary pastes and hence must influence 
hydration in different ways.
7.1.1 Standard consistence and setting times
The binary (MK-PC and PFA-PC) and ternary (MK-PFA)-PC paste blend results for 
standard consistence and initial and final setting times indicate the way in which the 
individual components of the blends influence the take up of water both by physical 
absorption and by hydration and also the way in which each impacts on the hydration 
process. PC was used, without the addition of MK and PFA, as a control to assess the 
difference, if any, that the effect of the replacement materials made to the standard 
consistence and setting times of the various compositions.
When MK replaces PC in binary and ternary blended pastes (Figure 4.1 (a)) the w/b ratio 
required to give standard consistence increases with increasing replacement levels. 
Similar results to those observed by the author were reported by Vu, et al., (2001) who 
investigated binary kaolin-PC blends. In contrast when PFA replaces PC in binary 
blended pastes (Figure 4.1(b)) the w/b ratio required to give standard consistence is
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similar at all replacement levels (up to 40% replacement). More water is required for 
wetting the MK surface than that for the PFA or PC because of its much larger surface 
area. Thus the workability of the binary MK-PC blended paste can be improved with 
the addition of PFA in ternary blended pastes (Figure 4.2).
The initial and final setting times for binary MK-PC pastes (Figure 4.3(a)) show a 
substantial increase at 5% MK and then decrease slightly at 10 and 15% before 
increasing again at 20% MK. At 15% MK replacement level there is a slight decrease 
in setting times when compared to the 10% MK replacement level. These results 
observed by the author were also reported by Brooks, et al, (2000) who investigated 
MK-PC blends (with a SP) with up to 15% MK. In contrast when PFA replaces PC the 
initial and final setting times (Figure 4.3(b)) increase slightly at 10% PFA and then 
systematically increase when the PFA increases up to 40% PFA.
When combining MK and PFA in ternary (MK-PFA)-PC pastes (Figures 4.4 and 4.5) 
for a fixed MK content the general trend of increasing initial and final setting time with 
increasing PFA content is still maintained. However the way in which each setting 
time-PFA content curve shifts as the MK content increases mirrors approximately, the 
way in which the setting time of the binary MK-PC blends vary with increasing MK 
content. This suggests that the MK is having a significant and non-systematic influence 
on the hydration process even when combined with PFA.
7.1.2 Heat evolution
The initial rate of heat evolution of binary MK-PC pastes first peak (Figure 4.6(b)) is 
systematically reduced (retarding effect) as the replacement levels increase up to a 
maximum of 15% MK but at higher replacement level (20% MK) a reverse in trend is 
observed with the rate of heat evolution rising above that at the 10% MK replacement
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level paste. The degree of retardation in the rate of heat evolution for the first peak 
(Figure 4.7(b)) caused by the PFA in the binary PFA-PC pastes is much less than 
observed for the binary MK-PC pastes. Generally as PFA replacement of PC increases 
so does the rate of heat evolution even though it is still below that of the PC. The rate 
of heat output decreases significantly as PFA replacement levels increase in the case of 
the second peak (Figure 4.7(c)).
When combining MK and PFA in ternary (MK-PFA)-PC pastes the rates of heat 
evolution represented by the first peak (Figures 4.8(b) and 4.9(b)) tend to show a greater 
degree of retardation as the MK replacement level increases relative to the PFA 
replacement level and follows the general pattern of the observations for the binary 
MK-PC and PFA-PC pastes. In contrast for the second peak as the replacement levels 
of MK increase relative to PFA the rate of heat output increases up to that of the PC 
control (Figures 4.8(c) and 4.9(c)). Again this fits the general pattern for the 
observations for binary MK-PC and PFA-PC pastes. It is interesting to note that a third 
peak (Figure 4.10) only occurs at 30% replacement of PC with MK-PFA at 5, 10 and 
15% MK replacement levels.
The results suggest that MK retards hydration in the very early stages (within the first 
hour), possibly due to high water demand, whereas PFA has a minimal retarding effect 
and may even accelerate PC hydration by making more water available for hydration of 
the PC. During the principal hydration period (between 1 hour and 18 hours) the 
converse appears to be the case in that PFA provides significant retardation in hydration 
possibly because it shows little pozzolanic activity at this stage and the dilution effect is 
beginning to predominate. In contrast MK has a minimal retarding effect and possibly 
at certain levels accelerates the overall hydration process due to the onset of rapid
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pozzolanic action.
Generally heats of hydration for binary MK-PC pastes during early hydration (within 
the first 24 hours) are systematically retarded as the replacement levels increase up to 
the 15% MK replacement level. However at higher replacement levels (20%) of MK a 
reverse in this trend is observed with the total heat evolved rising above that of the 15% 
replacement level. The total heat evolved for all MK replacement levels is below that of 
the PC control in early hydration (Figure 4.11(b)). At extended hydration (up to 120 
hours) although the MK has retarded the heat of hydration initially (within the first 
hour) the pozzolanic reaction further contributes to the heat output causing the blends to 
'catch-up' with and in some cases exceed (15% MK) the PC control (Figure 4.11(c)). 
As the MK replacement levels increase the amount of PC decreases and so does the 
amount of CH being produced to react with the MK. Thus at high replacement levels 
the rate of pozzolanic reactivity will be controlled not by the availability of the MK but 
by the availability of CH. For binary PFA-PC blends at extended periods (up to 120 
hours) an increase in PFA replacement level causes a systematic reduction in heat 
output. This is due to the PFA's low pozzolanic activity at this stage of PFA-PC paste 
hydration and the reduction in PC content (dilution effect) of the PFA-PC paste. 
Similar results were reported by Frais, et al, (2000) for PFA-PC mortars.
When combining MK and PFA in ternary (MK-PFA)-PC pastes (20% and 40% 
replacement levels) in the early periods of hydration (up to 24 hours) the PC control 
shows the highest heat output (Figures 4.13(b) and 4.14(b)). Generally when the MK 
replacement level increases the heat output increases. At extended hydration times the 
heat output (20% total replacement level) increases with MK content for MK contents 
up to 15% (Figure 4.13(c)). For the paste containing 20% MK the heat output falls
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below that of the 15% MK replacement level at about 96 hours. For the pastes total 
with replacement levels of 40% the heat outputs are much lower for the ternary blends 
than for the PC control. Also the heat output falls as the PFA content increases relative 
to the MK content (Figure 4.14(c)). This again reflects the dilution effect of the PFA 
and its low pozzolanic activity over this time period relative to that of the MK.
7.1.3 Very early hydration of binary MK-PC and PFA-PC pastes
With the PFA-PC blends because the PFA is not a very active pozzolan, in the early 
stages of hydration negligible pozzolanic reaction can be expected. It is therefore 
surprising that within the first 10 minutes of hydration although the rate of heat 
evolution (Figure 4.7(b) first peak) is reduced by PFA additions it is not reduced 
substantially. Also taking into consideration the dilution effect of increasing amounts of 
PFA the rate of heat evolution actually increases going from 10% to 40% PFA and at 
40% the rate of heat evolution is similar to that of the PC alone. This clearly indicates 
that at this very early stage of hydration the PFA is accelerating the hydration of the PC. 
This is explained by the relatively greater amount of water available to hydrate the PC. 
In contrast increasing amounts of MK (up to 15%) in these very early stages of 
hydration produce significant reduction in the rate of heat evolution although at 20% 
replacement of PC with MK the rate of heat evolution increases again (Figure 4.6(b)). 
The heat evolution of PC in these very early stages is in part due to C3A hydration to 
give C4AHi 3 . This reaction is however retarded by formation of ertringite due to the 
added gypsum in the PC. MK is also known to rapidly react with CH and sulphate to 
form ettringite and C-S-H gel. As the MK content increases water, CH and sulphate 
will be taken up by the reacting MK and the availability of water for PC hydration and 
of sulphate for ettringite formation will be reduced, causing retardation of the PC 
hydration reaction. However as the MK level further increases insufficient CH will be
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available from the reduced level of hydrating PC to support the initial MK hydration 
reaction, which will itself be temporarily retarded, providing relatively increased water 
levels for PC hydration and thus an increase in heat evolution rate.
7.1.4 Early hydration of binary MK-PC and PFA-PC pastes
Over the period 0.5h to 6h during which the paste sets the rate of heat evolution of the 
PFA-PC paste decreases with increasing PFA content (Figure 4.7(c)). That is, over this 
period the rate of hydration of the PC in the high (40%) PFA content paste is much 
reduced due to its much more rapid earlier hydration. At this stage any pozzolanic 
activity of the PFA would still be expected to be small and thus setting times increase 
with increasing PFA content, because increasing amounts of PFA generate increasing 
separation distances between hydrating cement particles, hence increasing the time 
period at which an interlocking network of hydration products form. With respect to the 
MK-PC paste over this time period (0.5h to 6h) as with the very early hydration, the 
15% MK blend produces the lowest rate of heat evolution and that with 20% MK 
produces the highest. Setting occurs during the renewed onset of PC hydration an hour 
or so after the dormant period. Reaction of MK with CH will again absorb water and 
also contribute to the stiffening of the paste and the cementitious process. Thus as MK 
levels increase, although the dilution effect will tend to increase setting times this effect 
will be moderated (Figure 4.3(a)) by the formation of cementitious products from the 
MK-CH reaction which will contribute to the developing cementitious network. 
However it is suggested that above a critical level of MK (-15%) the PC hydration will 
not be able to supply CH at a sufficient rate to satisfy the MK-CH reaction (see page 
120) and this will inhibit the developing cementitious network. Thus at these 
increasingly high levels of MK the dilution effect combined with curtailment of the
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MK-CH reaction will lead to a further increase in setting time. The increase in the rate 
of heat evolution between paste with 15% MK and paste with 20% MK (Figure 4.6(c)) 
may also possibly be a result of the curtailment of the MK-CH reaction, leaving more 
water available to hydrate the smaller level of PC.
7.2 Performance of mortar exposed to aggressive environments
The binary (MK-PC and PFA-PC) and ternary (MK-PFA)-PC mortar and paste results 
relating to strength development, sorptivity, porosity, expansion and weight change of 
specimens exposed to sodium sulphate solution and synthetic seawater are summarized 
and discussed in the subsequent sections.
7.2.1 Performance and strength
For binary PC-PFA mortar cubes exposed to sodium sulphate solution (Figure 5.7(a)) 
strength does not deteriorate relative to identical cubes exposed to pure water, other than 
at low replacement levels (0% and 10% PFA) and long exposure times (360 and 730 
days). In particular at high replacement levels (40% PFA) strengths are significantly 
enhanced relative to those of water cured mortar even after 730 days exposure. For 
similar cubes exposed to synthetic seawater performance is very different (Figure 
5.7(b)). In this case there is significant strength deterioration at all compositions, 
particularly for mortars containing 10% PFA at 1 and 2 years exposure. However 
strength deterioration is relatively small (-10%) for mortars with 40% PFA at exposure 
times up to 2 years. The results therefore confirm that with respect to strength, partial 
replacement of PC with PFA (>10%) does improve the performance of mortar exposed 
to sodium sulphate solution. Partial replacement of PC with PFA also improves the 
performance of mortar exposed to synthetic seawater although the PFA levels required 
are higher (>30%) and there is still strength deterioration relative to mortar exposed to
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water. For metakaolin mortar exposed to sodium sulphate solution (Figure 5.4(a)) at 
long exposure times (730 days) there is measurable strength deterioration relative to 
water exposed mortar and comparison of Figure 5.7(a) with Figure 5.4(a) suggests that 
overall PFA mortar shows superior durability in sodium sulphate solution than does MK 
mortar although it should be noted that higher levels of PFA are used than are MK. For 
MK mortar exposed to synthetic seawater (figure 5.4(b)) the opposite is the case and 
MK performs better than PFA particularly at high replacement levels (20%) and long 
exposure times (730 days) where there is negligible loss in durability of the mortar. 
These effects tend to be reflected in the performance of the ternary blend mortars where 
for high total replacement levels and long exposure times the most durable mortars 
exposed to sodium sulphate solution tend to be those without any MK added and the 
most durable mortars in synthetic seawater tend to be those with high levels of MK. 
The latter is particularly exemplified by comparison of Figures 5.2(c) and 5.5(c). One 
marked phenomenon which is particularly apparent both in Figures 5.2 and 5.5 is that 
relative to exposure to water, mortars exposed to sulphate solution tend to show 
enhanced strength at low to moderate exposure times whereas mortars exposed to 
synthetic seawater tend to show significant strength degradation. It is suggested that in 
the former the expansive products formed by reaction of sulphate (sodium) with CsA 
and CH initially occupy the capillary pores leading to densification and strength 
enhancement and in the latter case the more complex reaction with seawater leads to a 
gradual breakdown of the cementitious network (principally C-S-H gel).
7.2.2 Performance, expansion and weight gain
For the PC control mortar (Figure 5.3 l(b)), and also for the binary and ternary mortars, 
when exposed to sulphate solution there is an initial period of negligible expansion 
coupled with significant weight increase (-2%). Subsequently there is a period of rapid
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expansion coupled with only a small weight increase. Also there is a tendency at a 
given expansion level, particularly at w/b ratios 0.5 and 0.6, for the weight increase to 
be larger at the higher w/b ratios. This confirms the suggestion made in the previous 
section that the expansive reaction products formed by reaction of sulphate with the PC 
first fill up the capillary pore space (which is greater at higher w/b ratios) and once the 
pore space is fully occupied then cause expansion cracking, strength loss and finally 
disintegration. When the same mortars are exposed to synthetic seawater a very 
different expansion-weight change relationship is observed (Figure 5.31(c)). In this 
case the weight change at which expansion commences is greater and the weight 
increases at a much greater rate with expansion. Also for a given level of expansion the 
weight increase is much greater at low w/b ratio (0.4) than it is at w/b ratios 0.5 and 0.6. 
This indicates a very different degradation process than that for mortar in sodium 
sulphate solution and supports the suggestion made in the previous section that 
degradation occurs as a result of gradual breakdown of the cementitious component. 
Attack occurs from the surface inwards and brucite first forms and is deposited on the 
surface (see p. 156) depleting the surface regions of CH and subsequently depositing 
gypsum beneath. Depletion of calcium from the CH means that the only further source 
of calcium, for the degradation reaction to proceed, is from the C-S-H gel. This leads to 
a gradual breaking down of the cementitious bond as the reaction front penetrates into 
the mortar. The breakdown of the cementitious bond in the surface layers means that 
any expansive forces are dissipated, thus expansion is much reduced and the fact that 
substantial quantities of reaction product are surface deposited results in substantial 
weight increases. At low w/b ratios where permeability is greatly reduced, bulk 
densities are increased and resistance to internal penetration is enhanced thus much 
greater surface degradation and weight change are required to produce a given level of
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expansion.
7.2.2.1 Binary and ternary mortars in sodium sulphate solution
When MK is blended with PC in mortar with w/b ratio 0.5 exposed to sodium sulphate 
solution, significantly at the 5% MK level the weight change for a given level of 
expansion is greater than that of the control PC mortar (Figure 5.32(a)). Also at w/b 
ratio 0.6 both the 5% MK and 10% MK mortars show greater weight change for a given 
level of expansion than the PC mortar. This is explained by the fact that at low levels of 
MK and high w/b ratios moderate to high permeability is maintained and the MK 
participates in the supply of alumina for formation of the expansive sulpho-aluminate 
reaction products. Thus under these conditions the MK actually contributes to 
expansion and degradation. However at much higher MK levels (10% plus depending 
on the w/b ratio) the products of the MK-CH pozzolanic reaction rapidly fill and block 
off the capillary pores inhibiting diffusion of the aggressive species into the mortar and 
both weight increase and expansion become negligible. It should also be noted that as 
MK can supply alumina for the formation of expansive products the fact that expansion 
is markedly reduced at higher MK levels is confirmation that reduced permeability 
rather than the dilution effect plays the principal role in reducing expansion. The 
expansion versus weight change profiles for the PFA-PC mortars at the two w/b ratios 
(Figure 5.32(b)) are remarkably similar to the equivalent plots for the MK-PC mortars 
other than the fact that much higher levels of PFA are required to reduce the expansion 
by equivalent amounts (see Figure 5.18), and particularly at high w/b ratios low levels 
of MK can actually impair durability.
With respect to the ternary blends Figures 5.33 and 5.34 there appears to be little 
justification for blending the very much more expensive MK with PFA and PC and in
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fact at low total replacement levels and high w/b ratios (Figure 5.33(a)) MK has a 
deleterious effect.
7.2.2.2 Binary and ternary mortars in synthetic seawater
When MK is blended with PC in mortar exposed to synthetic seawater (Figure 5.35(a)) 
for a given weight increase the level of expansion is substantially reduced as the MK 
content is increased, in the same way that it was in the PC mortars when the w/b ratio 
was decreased. This again indicates that for the MK mortars there is a substantial 
reduction in permeability, and the development of the much denser and stronger 
cementitious network means that it can better resist attack and expansion. When PFA is 
blended with PC (Figure 5.35(b)) at w/b ratio 0.5 a similar trend emerges in that for a 
given weight increase the amount of expansion decreases with increase in PFA content, 
although the replacement levels are higher than for MK. Also it should be noted that as 
in sodium sulphate solution the expansion levels at low MK content are significantly 
greater in MK mortars than in PC mortars (Figure 5.21). In addition at w/b ratio 0.6 
where expansion levels are again relatively low the points tend to coalesce and there is 
not a very marked distinction in expansion between the various compositions.
In the ternary mortars (Figures 5.22 and 5.23) at low total replacement levels, with 
respect to expansion in seawater it is clearly disadvantageous to blend PFA-PC mortar 
with MK (Figure 5.22) particularly at high w/b ratios and low levels of MK. Also at 
high levels of total substitution, although partially replacing PFA in PFA-PC blends 
with MK does reduce expansion, at these high PFA levels expansion is very small thus 
there is no reason to partially replace PFA with much more expensive MK.
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7.2.3 Performance and sorptivity
It should first be noted that sorptivity measurements were made on the internal surfaces 
of disks cut from the centres of 100 x 100 x 100mm mortar cubes. As the disks are 
30mm thick then it would not be expected over the exposure period investigated that the 
aggressive solution would influence the sorptivity of the internal surfaces of the disks. 
Hence comparison of sorptivities of equivalent disks in the three exposure environments 
(water, sodium sulphate solution and synthetic seawater) should provide confirmation of 
the consistency of the samples used for the different exposure conditions. In fact 
comparisons of the sorptivities of equivalent disks for the three exposure conditions in 
Figures 5.38 and 5.40 to 5.44 do show a remarkable degree of reproducibility showing 
that the specimens are indeed highly consistent. For MK-PC mortars (Figure 5.38) 
there is a very distinct and consistent fall in sorptivity with increase in MK content, 
clearly confirming that MK causes blocking of capillary pores both by the filler effect 
and by formation of cementitious reaction products within the initially water-occupied 
capillary pore system. This effect is equally marked at both 28 days and 730 days 
indicating that even at 28 days a substantial amount of pozzolanic reaction has taken 
place. In fact the change in sorptivities for the MK-PC mortars between 28 days and 
730 days is generally not very large suggesting that the pore structure is well established 
by 28 days. This is not the case for the PFA mortars (Figure 5.40) where for early 
curing periods there is a systematic increase in sorptivity with increase in PFA content. 
This increase in sorptivity is attributed to the development of a more open pore structure 
due to the increased numbers of PFA particles separating the cement particles. As 
pozzolanic activity of PFA is very limited at early ages this will limit the development 
of the cementitious network. However as exposure time increases the developing 
pozzolanic reaction of the PFA generates increasing amounts of cementitious reaction
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products which occupy and block off capillary pore space resulting in reduced 
sorptivity. The fall in sorptivity with exposure time is greatest for the high PFA content 
mortars. Thus after 730 days the sorptivities of the four binary PFA-PC mortars are 
similar. In contrast at 730 days the MK-PC mortars (Figure 5.38) continue to show 
reduced sorptivity with increased MK content and the sorptivities attained are generally 
lower than those for the PFA-PC mortars. The ability of the MK to reduce sorptivity 
particularly in the early stages of curing/exposure and at total replacement levels above 
10% is clearly apparent for the ternary MK-PFA-PC mortars (Figures 5.42 to 5.44), 
although low levels of MK (~5%) do appear to increase sorptivity at early exposure 
times. This reinforces the suggestion in 7.2.2.1 that low levels of MK lead to the 
maintenance of high permeability in relation to expansion and weight gain on exposure 
to sodium sulphate solution. It also reinforces the suggestion in 7.2.2.2 that, other than 
at low levels of MK, the MK leads to a substantial and rapid reduction in permeability 
and the development of a much denser and stronger cementitious network. This ability 
of MK to provide rapid development of a cementitious network in contrast to PFA 
where the process is much slower, is clearly demonstrated by comparison of the 
strength development of the MK-PC and PFA-PC mortars in Figures 5.2 and 5.5 and the 
MK-PFA-PC mortars in Figures 5.8, 5.9 and 5.10. It is also indicated in the change in 
threshold radius with pozzolan content and exposure period for the MK-PC and PFA- 
PC pastes in Figures 5.46 and the ternary MK-PFA-PC pastes in Figure 5.47. However 
over a sufficiently long curing/exposure period the relative difference in performance of 
the two pozzolans is less apparent.
In conclusion, with respect to performance, MK does have advantages in the early 
stages of development, particularly with respect to strength development. Thus 
blending PFA-PC with MK could provide some commercial and technical advantages.
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However with respect to durability and resistance to aggressive media there is no strong 
case for using MK in preference to PFA or in blending MK with PFA-PC. In fact with 
respect to resistance to sulphate attack low levels of MK can reduce sulphate resistance. 
With respect to resistance to seawater attack although MK may be considered somewhat 
more effective than PFA, on economic grounds there would probably be little overall 
advantage in employing MK in preference to PFA.
Hydration, pore development and chemical resistance of MK-PFA-PC blends
Conclusions and recommendations for future work Chapter 8
CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK
Hydration, pore development and chemical resistance of MK-PFA-PC blends
Conclusions and recommendations for future work Chapter 8
CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS FOR
FUTURE WORK
8.1 Conclusions
The following conclusions may be drawn from the work described in this thesis:
• The results clearly indicate that the two pozzolans MK and PFA have different 
effects on setting times and heat evolution of binary pastes and hence influence 
hydration in different ways:
(i) For binary MK-PC pastes there are substantial increases in setting times (initial 
and final) at 5% MK followed by decreases at 10 and 15% MK before further 
increases at 20% MK. As MK levels increase, although the dilution effect will 
tend to increase setting times this effect will be moderated by the formation of 
cementitious products from the MK-CH reaction which will contribute to the 
developing cementitious network. However it is suggested that above a critical 
level of MK (-15%) the PC hydration will not be able to supply CH at a 
sufficient rate to satisfy the MK-CH reaction and this will inhibit the developing 
cementitious network (see page. 120). Thus at these increasingly high levels of 
MK the dilution effect combined with curtailment of the MK-CH reaction will 
lead to further increases in setting times. In contrast when PFA replaces PC the 
setting times increase slightly at 10% PFA and then systematically increase up to 
40% PFA because pozzolanic activity of PFA is negligible at this stage and 
increasing amounts of PFA generate increasing separation distances between 
hydrating cement particles, hence increasing the time period at which an 
interlocking network of hydration products form.
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(ii) The heat evolution results within the first hour of hydration suggested that MK 
retards hydration possibly due to high water demand, whereas PFA has a 
minimal retarding effect in this period and may even accelerate PC hydration by 
making more water available for hydration of the PC. During the principal 
hydration period (between 1 hour and 18 hours) the converse appears to be the 
case in that PFA provides significant retardation in hydration possibly because it 
shows little pozzolanic activity at this stage and the dilution effect is beginning 
to predominate. In contrast MK has a minimal retarding effect and at certain 
levels accelerates the overall hydration process due to the onset of rapid 
pozzolanic action.
(iii) Although MK initially (within the first hour) retards hydration heat evolution 
data indicate that at extended periods (up to 120 hours) the pozzolanic reaction 
further contributes to the heat output causing the binary blends to 'catch-up' with 
and in some cases exceed (15% MK) the PC control. As the MK replacement 
levels increase the amount of PC decreases and so does the amount of CH being 
produced to react with the MK. Thus at high replacement levels the rate of 
pozzolanic reactivity will be controlled not by the availability of the MK but by 
the availability of CH. In contrast, for binary PFA-PC blends at extended 
periods (up to 120 hours) an increase in PFA replacement level causes a 
systematic reduction in heat output. This is due to the PFA's low pozzolanic 
activity at this stage of PFA-PC paste hydration and the reduction in PC content 
(dilution effect) of the PFA-PC paste.
• There is very little advantage in using MK or MK-PFA-PC mortar relative to 
PFA-PC mortar when the mortar is exposed to sodium sulphate solution (for up
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to 2 years) and at low levels of MK, resistance to sulphate attack can be 
impaired. The performance of mortar in seawater is however quite different 
from that observed for mortar exposed to sodium sulphate solution. For mortar 
exposed to seawater low replacements levels of PFA with MK in ternary mortar 
blends do not provide adequate resistance to the deleterious effects of seawater 
but as the MK replacement levels increase relative to the PFA the resistance to 
seawater attack improves significantly.
• Durability of mortar exposed to sodium sulphate solution is greatly improved at 
high replacement levels in both binary MK-PC (15 and 20%), PFA-PC (>10%) 
and ternary MK-PFA-PC (>10% total replacement level) blended mortar. The 
behaviour of mortar blends exposed to sulphate solution show a subtle 
difference from those in seawater. The expansive reaction products formed in 
sodium sulphate solution are deposited in the internal pores of the mortar, 
initially producing strength enhancement. Once the expansion products have 
filled the pore volume the exerting pressure causes rapid expansion, rupture of 
the cement matrix and ultimate failure. In contrast the reaction products formed 
in seawater are deposited in or on the surface layers and lead to substantial 
calcium depletion and chemical breakdown of the cementitious matrix. This 
produces strength loss but with relatively small expansion rates and much 
greater weight gains than those observed in sulphate solution. The durability of 
mortar exposed to synthetic seawater is greatly improved at 30% and 40% total 
replacement levels in ternary blended mortars.
• The author suggests that the grinding of PFA, in this case 15 minutes, has very 
little effect on the strength development and durability of mortar exposed to
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sodium sulphate solution or synthetic seawater. In fact the author observed that 
the presence of residual carbon in the PFA appears to have a greater impact on 
strength development than does grinding. It is suggested that increasing the 
specific surface by grinding may have modified the chemistry of the PFA in 
ways that were not particularly advantageous.
• The evaluation of sample preparation for porosimetry found that at 90 days 
generally both the cored and cut and compressive tested paste samples show 
similar pore structure at all three w/b ratios. Overall the compression tested 
samples show a lower proportion of 'fine pores' (volume (%) 0.05) urn than the 
cored and cut paste disks. It is deduced that this is due to the widespread 
microcracking during failure of the cubes under compressive loading thus 
modifying the pore structure present in the compressive tested samples.
8.2 Future work
Although this work has investigated extensively the performance and durability of 
binary MK-PC, PFA-PC and ternary MK-PFA-PC mortar blends when exposed to 
aggressive environments over 2 years, there are certain questions that could not be 
answered within the restrictive period of three years. The following outlines the 
research that would be useful as future work.
• Carry out an in depth study using X-Ray Diffraction (XRD) and Transmission 
Electron Microscopy (TEM) with Energy Dispersive X-Ray Analysis (EDAX) 
coupled with calorimetry in order to establish the exact nature of the early hydration 
reactions involving MK, which lead to the complex heat evolution-composition 
relationships observed.
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• Investigate very long term durability (> 2 years) of binary MK-PC, PFA-PC, and 
ternary MK-PFA-PC blended mortars in aggressive environments (experimental 
work already in progress).
• As failure only occurred in a relatively small number of specimens, employing 
higher w/b ratios may further discriminate between the different blends of pozzolans.
• Field trials of ternary blended MK-PFA-PC mortars exposed to aggressive 
environments, for example in a marine environment or sulphatic soils would add 
further to the understanding of the relative performance of the different binders.
• Modelling of hardened cementitious properties for example strength development 
and durability. Pervious work completed by Bai, et al. could be included in the 
model. Heavy experimental work programme did not permit the analysis to be 
completed in the allotted time period.
• To investigate the transitional zone effects in concrete and the effects of chemical 
admixtures.
8.3 Publications
Abstract entitled "Hydration, pore development and chemical resistance of Metakaolin 
(MK)-Fly ash (FA)-Portland cement (PC) blends" published in Pont Dysgu, University 
of Glamorgan, December 2001, p. 17.
Paper entitled "Hydration, pore development and chemical resistance of Metakaolin 
(MK)-Fly ash (FA)-Portland cement (PC) blends" presented at Doctoral seminar, 
University of Glamorgan on 7th December 2001.
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APPENDIX I
PERFORMANCE / DURABILITY OF SOUTH FERRIBY
CEMENT IN WATER, SODIUM SULPHATE SOLUTION
AND SYNTHETIC SEA WATER
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APPENDIX I: PERFORMANCE / DURABILITY OF SOUTH 
FERRIBY CEMENT IN WATER, SODIUM SULPHATE SOLUTION
AND SYNTHETIC SEAWATER
A single batch of South Ferriby Portland cement was mainly used in the heat of 
hydration and setting time experiments. Also experiments to investigate the expansion, 
weight change and sorptivity of mortar were done using South Ferriby Portland cement 
only with replacement levels of 5% and 10% MK plus control. In addition, the 
compressive strength of mortar was carried out using South Ferriby Portland cement 
only with a replacement level of 5% MK plus control. The results reported in the main 
text were obtained using a second single batch of Rugby Portland cement which was 
used throughout the remainder of the research programme. Both cements have similar 
mineral compositions but the South Ferriby cement is richer in €38 and poorer in €28 
relative to the Rugby cement. The reason for the change at an early stage in the 
research programme was due to changes in cement production at Rugby cement.
I.I Supplementary graphical data for the strength of binary mortars
The strengths of the hardened 25 x 25 x 25 mm mortar cubes (Figure I.I) at w/b ratio of 
0.5 were measured according to BS 1881: part 116: 1983 to determine their 
compressive strength. Mortar cubes were tested using an Instron 8502 compression- 
testing machine (Figure 1.2) with a constant loading rate of 11 kN/min. Strength 
development data for cubes exposed to water, sodium sulphate solution and synthetic 
seawater are reported here for 28 days and presented in Table 1.1. Data points represent 
an average strength of six 25 x 25 x 25 mm mortar cubes. These cubes were not used in 
the main study (main study used 100 x 100 x 100 mm and 50 x 50 x 50 mm cubes) due
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to the variability in compressive strength data.
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Figure 1.1 Mortar cubes after being exposed to water for 28 days
Figure 1.2 A 25 x 25 x 25 mm mortar cube about to be test for compressive 
strength on Instron 8502 compression-testing machine
1.1.1 Strength of binary MK-PC mortar at a w/b ratio of 0.5 under various 
exposure environments for 28 days
Figure 1.3 and Table 1.1 show the strength of binary MK-PC mortar at a w/b ratio of 0.5 
exposed to water, sodium sulphate solution and synthetic seawater for 28 days.
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5% MK replacement level
Figure 1.3 Strength of MK-PC mortar at a w/b ratio of 0.5 exposed to water, 
sodium sulphate solution and synthetic seawater for 28 days
Table LI Strength of MK-PC mortar at a w/b ratio of 0.5 exposed to water, sodium 







































































L2 Expansion and weight change data for binary MK-PC mortar at a w/b ratio 
of 0.5 exposed to sodium sulphate solution and to synthetic seawater
Binary 20 x 20 x 160 mm blended mortar bar specimens at w/b ratios of 0.5 were moist 
cured for 14 days and then exposed to water (control specimen results not presented), 
sulphate solution and seawater for 1183 days. Expansion and mass change 
measurements of the mortar were taken every 4 to 6 weeks to assess the durability of the 
binary mortar in aggressive environments. Solutions were changed at intervals of 28
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days for 2 years thereafter the solutions were not renewed.
1.2.1 Expansion and weight change with exposure time for binary MK-PC mortar 
at a w/b ratio of 0.5 exposed to sodium sulphate solution and to synthetic 
seawater
Expansion and weight change graphs for MK-PC mortar at a w/b ratio of 0.5 exposed to 
sodium sulphate solution and synthetic seawater respectively for up to 1183 days are 
shown in Figure 1.4.
1.2.2 Rate of expansion with respect to weight change for binary MK-PC mortar 
at w/b ratio of 0.5 exposed to water, sodium sulphate solution and to 
synthetic seawater
The rate of expansion with respect to weight change for MK-PC mortar at w/b ratio of 
0.5 exposed to water, sodium sulphate solution and synthetic seawater respectively for 
up to 1183 days are presented graphically in Figure 1.5. General discussion of the 
relationship between expansion and weight change and the influence of different 
pozzolans on these parameters in the different exposure environments is presented in the 
main text.
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(a) Water
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Weight change (%)
Figure 1.5 Rate of expansion with respect to weight change of binary MK-PC 
mortars in water, sulphate solution and synthetic seawater for up to 1183 days
Hydration, pore development and chemical resistance of MK-PFA-PC blends 264
Performance / durability of South Ferriby cement Appendix I
1.2.3 Compendium of numerical data on expansion and weight change data for 
binary MK-PC mortar at a w/b ratio of 0.5 exposed to sodium sulphate 
solution and to synthetic seawater
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1.3 Sorptivity
Mortar cubes at a w/b ratio of 0.5 were first moist cured for 14 days and then exposed to 
water, sodium sulphate solution and synthetic seawater. The methodology for the 
preparation of mortar disks used for sorptivity is presented in the main text (Chapter 3). 
Each sorptivity value is an average from two 75 x 30 mm disks. Sorptivity data are 
presented for binary MK-PC mortar graphical in Figure 1.6. Numerical data for these 
plots are presented in Table 1.4. There is a systematic decrease in sorptivity with both 
increase in MK level and in exposure time for all three exposure environments. These 
relationships are discussed in the main text.
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(a) Water
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Time (days)
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(b) Sodium sulphate solution
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28 90 180 365 
Time (days)
548 730
Figure 1.6 Sorptivity of PC mortars with various replacement levels of MK 
exposed to water, sodium sulphate solution and seawater for up to 730 days
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1.3.1 Sorptivity data for MK-PC mortar under various exposure conditions
The sorptivity data for binary MK-PC mortar at a w/b ratio of 0.5 exposed to water, 
sodium sulphate solution and synthetic seawater for up to 730 days are given in Table 
1.4.
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APPENDIX II
PHYSICAL PROPERTIES AND PERFORMANCE / 
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APPENDIX II: PHYSICAL PROPERTIES AND PERFORMANCE / 
DURABILITY OF GROUND PFA-PC BLENDS
II. 1 Physical properties of GPFA-PC blends
II.1.1 Rates of heat evolution and heat of hydration of GPFA-PC blends
A differential calorimeter (Tonical 7335 Heat Flow Differential Calorimeter) was used 
in this study to collect data (see Chapter 3). Averages of two sets of test data were 
recorded for each of the binary GPFA-PC pastes and are presented in Chapter 6. The 
numerical data are given in Table II. 1.
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11.2 Performance / durability of GPFA-PC exposed to water, sodium sulphate 
and synthetic seawater
11.2.1 Strength of binary GPFA-PC mortar at a w/b ratio of 0.5 under various 
exposure conditions up to 730 days
Sample preparation and exposure of binary and ternary mortar cubes is presented in 
Chapter 3. The compressive strength tests were carried out on an Avery-Denison 
compression-testing machine. The changes in compressive strength with GPFA content 
for binary GPFA-PC, mortars exposed to water (28, 90, 365 730 days), sodium sulphate 
solution or synthetic seawater (28, 90, 180, 365, 548 and 730 days) is shown in 
TableII.2.
11.2.2 Strength of binary 10% GPFA-PC and 10% PFA-PC mortar at a w/b ratio 
of 0.5 moist cured for 14 days and then water cured for 14 days
The data used to assess if the observed increase in heat of hydration of PC containing 
GPFA has any influence on early strength development in 10% GPFA-PC blended 
mortars which were moist cured for 14 days and then water cured for 14 days is shown 
in Table II.3.
11.2.3 Strength of binary 10% PFA-PC and 10% GPFA-PC mortar (with and 
without the residual carbon being removed from the PFA / GPFA) at a w/b 
ratio of 0.5 moist cured for 14 days and then water cured for 14 days
The strength development of 10% GPFA-PC and 10% PFA-PC mortars (with and 
without residual carbon being removed from the PFA /GPFA) which were moist cured 
for 14 days and then water cured for 14 days is shown in Table II.4. The PFA and 
GPFA mortars containing carbon are used as a control to assess if residual carbon 
present in PFA and GPFA influences strength development.
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H.3 Density of GPFA-PC mortar
Density data for GPFA-PC mortar at w/b ratios of 0.5 moist cured for 14 days then 
exposed to water, sodium sulphate solution and synthetic seawater for up to 730 days 
are presented in Table II.5. The methodology used for the measurement of the mortar 
densities is presented in Chapter 3. The recorded mortar density data were used for 
monitoring consistency of the hardened mortar.
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II.4 Expansion and weight change of GPFA-PC mortar in sodium sulphate 
solution and synthetic seawater
Binary 20 x 20 x 160 mm GPFA-PC mortar bar specimens at a w/b ratios of 0.5 were 
moist cured for 14 days and then exposed to water (data collected from the control 
specimens are not presented), sodium sulphate solution and synthetic seawater for 120 
weeks. The methodology used for the measurement of the mortars density is presented 
in Chapter 3. The numerical data are tabulated for expansion, weight change and graphs 
of expansion with respect to weight change in Tables II.6 and II.7.
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II.5 Sorptivity of GPFA-PC mortars
The GPFA-PC mortars at a w/b ratio of 0.5 were first moist cured for 14 days and then 
exposed to water, sodium sulphate solution and synthetic seawater. The methodology 
used for the measurement of the mortars sorptivity is presented in Chapter 3. Each 
sorptivity value is an average from two 75 x 30 mm disks. The sorptivity numerical 
data for the binary GPFA-PC mortars are presented in Table II.8.
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APPENDIX III: NOVEL SAMPLE PREPARATION FOR
POROSIMETRY
Normally samples for porosimetry would be taken from compression tested cubes but a 
new sampling technique has been developed by the author using paste disks. 
Porosimeter samples taken from compression tested cubes would be expected to show 
widescale microcracking during failure of the mortar under compressive loading thus 
modifying the pore structure whereas core and cut paste disks would not. This new 
method using cored and cut paste disks is evaluated to assess the difference, if any, in 
pore structure between the cored and cut samples and the compression tested samples 
from identically produced paste cubes. Specimens for porosimetry were taken from 
paste cubes (w/b ratio 0.3, 0.35 and 0.4) of 50 x 50 x 50 mm cured in pure water for 
periods of up to 90 days. Three cylindrical cores had two 5mm disks cut from the 
centre. Also 5 samples were collected from equivalent compression-tested paste cubes. 
The paste samples were dried as described in Chapter 3 and stored individually in a 
labelled, small plastic bag.
III.l Porosimetry
Mercury intrusion porosimetry (MIP) is a frequently used method for the study of the 
pore structure characteristics of cement-based materials. The methodology for Mercury 
Intrusion Porosity is presented in Chapter 3. Three cored and cut disks and three 
compression tested 50x50x50 mm paste samples were used to measure the pore 
volume (%) < 0.05 |im, the threshold radius ((am) and the cumulative pore volume. The 
data are presented in Tables III.l to III.3. The pore volume (%) < 0.05 jim data for the 
cored and cut disks and compression tested pastes are presented graphically in Figure 
III.l. The threshold radius (urn) and cumulative pore volume are presented graphically
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(a) Cored and cut disk









10.30 00.35 a 0.40 w/b ratio
Figure ffl.1 Pore volume (%) < 0.05 p.m of cored and cut paste disk and
compression tested pastes
Table 1TI.1 Threshold radius of cored and cut paste disks and compression tested
paste samples
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Table III.2 Total cumulative volume of cored and cut paste disks and compression
tested paste samples
28 day



























































































































































Table III.3 Pore volume (%) < 0.05 urn of cored and cut paste disks and 
compression tested paste samples
































































































































































in the main text.
For the major part of the work of the thesis cored and cut paste disks were used to 
measure the threshold values and total cumulative pore volume which are presented in 
the main text. However in the subsequent section the compressive strength test samples 
were also used for MIP in order to compare the results with equivalent cored and cut 
samples.
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lesIII.2 Compressive strength and microstructure of paste sample
Paste cubes (50 mm) were tested using an Avery-Denison compression-testing machine 
in accordance with BS 1881: part 116: 1983 to determine their compressive strength. A 
constant loading rate of 45 kN/min was used with the strength values being an average 
of five cubes per test as presented graphically in Figure III.2 and in Table III.4.
-0.30 -0.35 - 0.4 w/b ratio
100
10 20 30 40 50 60 70 80 90 100
Figure III.2 Strength of PC paste verses exposure time in water at various w/b
ratios for up to 90 days
Strength increases rapidly at early ages and then levels off. There is an apparent 
strength decrease between 56 and 90 days. Student's t-distribution tests were used to 
compare the 56 and 90 day strength data to ascertain whether the strength changes are 
outside the statistical variability of the data, and thus whether this difference can be 
considered to be real? A student's t-distribution test was used with small sample sizes 
( n <=30) in this case 5 samples. If the significance level for the Levene's test (Table 
III.5) is smaller than for the 'significance 2-tailed test', the data from 'equal variance not 
assumed' should be used (w/b ratio 0.3). The 'equal variances assumed data' was used 
for w/b ratios 0.35 and 0.4. A two-tailed test (Figure III.3) was used to find whether a 
sample average was significantly different from expected. A two-tailed test at 5%
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distribution checks whether this value lies in either the lower or upper 2.5% tail of 
distribution. For a sample size n the t-statistic is calculated as:
t _
s - standard deviation
n - size of sample
H - average strength for 90 day sample
X - average strength for 56 day sample
The results were analysed using the statistical package for Social Sciences (SPSS). The 
tests were done at a 95% confidence interval of the difference. For example for the w/b 
ratio of 0.4 strength data the t-test statistic was 2.30, with 8 degrees of freedom and an 
associated P value of 0.05. There is insufficient evidence for w/b ratio 0.4 paste to 
reject the null hypothesis (see Table III. 5) as the P value is 0.05. The null hypothesis 
shown below is rejected when the P value is below 0.05 (see Figure III. 3) as it is 
considered to be statistically significant.
• Null hypothesis (H0): the compressive strength values will not differ between 56
and 90 days
• Alternative hypothesis (Hj): the compressive strength values will differ
between 56 and 90 days
(Farrant, 1997)
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Figure III.3 Critical values of a two-tailed student t-distribution test (Farrant, 1997)
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Also the calculated test statistic t, can be compared with the tabulated value with 
degrees of freedom, at various percentages of confidence level (Farrant, 1997). The 
two-tailed W table value for 4 («-l) samples at 95% confidence interval has a degree 
of freedom of 2.776 (Farrant, 1997). The value oft for paste at all w/b ratios (see Table 
ELS) are less than the t^ table value. Again the null hypothesis is not rejected thus the 
decrease in strength observed for paste at all three w/b ratios cannot be considered to be 
significant and therefore this difference is not real.
IIL3 Pore structure and microstructure of cored and crushed paste samples
The microstructure of the cored and cut paste samples and the compression tested paste 
samples was examined using SEM. Two samples of each of the cored and cut paste 
samples and the compression tested paste samples were encased (25 mm diameter) in 
yellow Struers (DuroFix-2Kit) resin as presented in Figure HL4. The specimen surface
Figure HJL4 Sample preparation of MIP specimens for SEM of PC paste
was flattened to expose the microcracks of the paste by using a Turner linishing sander 
with a dry aluminium oxide resin bond cloth (P100X). The flattened surface was then 
polished using a wet polishing METASERV hand grinder. Initially a coarse cloth 
(P240) was used ascending to a fine cloth (P1200) in four stages (P320 & P600). The 
specimen breadth was reduced to 5mm and covered in a thin layer of gold in preparation 
for SEM. The specimen is scanned by a focused electron beam across the surface where
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low energy secondary electrons emitted are detected and produce an image. Examples 
of micrographs for 28 day paste at w/b ratio 0.35 are presented in Figure III.5.
Table HI.l to IE.2 confirm that there is a wide degree of specimen variability with 
respect to both total cumulative pore volume and threshold radius. However overall the 
compression tested samples show a lower proportion of'fine pores' (volume (%) < 0.05) 
fim than the cored and cut paste disks (compare Figure IH.l(b) with Figure Ill.l(a)). It 
is proposed that this is due to widescale microcracking during failure of the cubes under 
compressive loading thus modifying the pore structure present in the compression tested 
samples. This hypothesis is supported by SEM micrographs (Figure IH5) of polished 
paste samples (Figure ni.4). The compressive strength tested paste samples show a 
network of fine cracks of diameter 0.07 mm (Figure IH.5(a)) whereas in the cored 
specimens these networks are less prevalent and specimens tend to show only isolated 
'cracks' (Figure H[.5(b)). Looking at the numerical data the differences can be 
considered as real as it is larger than the degree of variability of the data.
Figure m.5 SEM graphs of PC paste (w/b ratio 0.35) cured in water for 28 days 
that has been subjected to (a) compressive strength test (highlighted microcracks)
and (b) a cored and cut sample
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The latter may be due to mechanical stress caused during coring of the samples or they 
may be capillary channels, as the distinction between the two is not clearly apparent. At 
90 days generally both the cored and cut paste disks and compression tested paste 
samples show similar pore structure at all three w/b ratios (see porosimetry results 
Figure III. 1)
III.4 Absorption of PC pastes at various w/b ratios
The water absorption obtained by total immersion of specimens in water gives an 
indication of the open pore structure (Khatib and Mangat, 1995). In this case absorption 
will be used to back up the porosimetry results as the pastes are water cured for similar 
time periods. In absorption tests the volume of voids in the paste that have been filled 
or partially filled with water is measured in terms of the increase in mass of the sample 
as a percentage of its dry mass over a specific time. A 30mm diameter cylindrical core 
was cut from the centre of a 50 x 50 x 50 mm paste cube. Three 10mm disks were cut 
from each cylinder starting at the outer surface and going towards the centre of the 
cylinder. Six disks per data set (from two cubes) were dried in a drying cabinet at 40 °C 
for 60 days and then stored in an airtight container over silica gel and carbosorb to 
maintain a standard moisture state and prevent carbonation. The disks' weights were 
recorded. The disks were then arranged on a flat tray. Water was added slowly until 
the water level was about 1.5mm above the base of each sample to allow capillary 
action to take place. After about 20 minutes when the moisture level had reached the 
upper surface the disks were totally immersed in water for about one hour. The weights 
were again recorded. This procedure minimises the degree of trapped air in the pore 
structure. The percentage moisture content was calculated and the data are presented in 
Figure III.6 and Table III.6. The data indicate very clearly that decrease in w/b ratio 
produces a significant decrease in absorption. There is also a progressive decrease in
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absorption with increase in curing time and this is most pronounced at short curing 
times.
When comparing the absorption results (Figure III.6) with the fine pores content (% of 
the pore volume < 0.05 urn) (Figure Ill.l(a)) for the cored and cut paste disks similar 
trends are observed (i.e. there is an increase in the proportion of Tine pores' present in 
the paste with curing time, and a corresponding reduction in the moisture content). It 
should be noted that absorbed water can transport aggressive ions such as sulphate ions 
into the paste which attack the paste matrix. Reducing the ingress of aggressive 
solutions by refining the pore structure will increase the durability of the paste.
-0.3 -0.35 -0.4w/b ratio
0 10 20 30 40 50 60 70 80 90 100 
Time (days)
Figure III.6 Moisture content verses curing time of PC paste at various w/b ratios
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APPENDIX IV: MATERIALS AND EXPERIMENTAL
METHODOLOGY
IV. 1 Materials
A Malvern Mastersizer 2000 particle analyser was used to measure the specific surface 
and particle size distribution data (average of three measurements) of PC, sand, MK, 
PFA and ground PFA which are plotted respectively as bar charts and graphs examples 
of which are presented in Figure IV. 1 and IV.2.
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Figure IV.l Specific surface of dry materials
Hydration, pore development and chemical resistance of MK-PFA-PC blends 298






























































Particle size (^m) (log)
Figure IV.2 Particle size distribution of dry material
IV.1.1 Separation of >10um MK particles
MK contains about 10% of >10nm particles as presented in Figure IV.3. A hydro 
cyclone or classifier was not available so it was difficult to separate accurately the 
required fraction size of particles from the MK. MK particle separation (>10nm) was 
done by using a lOg sample of MK and mixing with 500 ml water in a conical flask 
(100 mm descent) and placing it in a sonic bath for two minutes to reduce flocculation. 
MK tends to flocculate (magnified 50 times, using a METALLUX H microscope) as 
shown in Figure IV.3. The colloidal suspension was allowed to settle for 3 minutes 
allowing the larger particles to drop out of suspension. The colloidal suspension in the 
flask was discarded leaving behind the settled particles. Water was added to the conical 
flask to increase the volume to 500ml. The procedure was repeated again but the 
particles were only allowed to settle for one minute on this occasion. The settled 
particles were dried in an oven at 100 °C for approximately 40 minutes to leave 0.2Ig of 
retained MK particles.
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Figure IV.3 Flocculation of dry MK particles at 50x magnification
Particle size distribution data were plotted graphically (average of two results) and 
confirm that approximately 20% of the retained particles are 10 microns or above as 

















1.0 10.0 1000 1000.0 10CX
Particle size (urn) (log)
Figure IV.4 Particle size distribution of separated fraction of MK particles
Stokes law was used to calculate the settlement time of the >10um MK particles in
water.
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IV.1.1.1 Stokes Law
According to Stokes law free fall of tiny particles can be calculated by:
2g(~ 
V= —— ̂
g - Acceleration of gravity 9.8 ms"2
d - Radius of particle 0.0005 m (Particle size 10 um)
pl - Particle density 2600 kgm"3
P2 - Fluid density 1000 kgm'3
// - Fluid viscosity 0.001 Pa/s
Temperature at 20 °C
-iSettling velocity is 0.0000872 ms'
The settlement of the >10 micron particles would be 0.1 mms' 1 using Stokes Law.
IV. 1.2 Practical grading for fine aggregate
Natural sea-dredged sand used in the mortar compositions complies with BS 812-103.1: 
1985 for fine aggregate / sand. The Original dry mass weight of sand used for sieving 
was 500 grams. The sieve analysis data is presented in Figure IV.5 and Table IV. 1.
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Figure IV.5 Sieve analysis for fine aggregate
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IV.1.3 Removal of residual carbon from PFA and GPFA
Each sample was exposed to the atmosphere for 10 hours to equilibrate the moisture 
content of the sample, before heating. The sample was then heated to 450 °C for 6 
hours in a Griffin Electric Furnace and allowed to cool to room temperature before 
being exposed to the atmosphere for a further 10 hours to re-establish the original 
moisture content. The sample was re-weighted and the process repeated again to
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ascertain if all of the residual carbon had actually been removed during heating on the 
first occasion. The carbon residue determined for PFA and GPFA using the above 
procedure was 4.38 and 3.76% respectively as presented in Table IV.2.
Table IV.2 Residual carbon content of PFA and GPFA
A: Container weight
B: Initial weight of material
C: Total weight (A+B)
D: Weight of container and material (Equilibrated)
E: Weight of material (Equilibrated)
F: Weight + / -
G: Weight after heating (450°C) (Equilibrated) (A + B)
H: Weight of carbon (D-G) (First heating)
I: Weight of carbon (%)
J: Weight of container and material (Equilibrated)
K: Weight after heating of container and material (450°C) (Equilibrated)
L: Carbon weight loss (J-K) (Second heating)
Weight of carbon (%)
































IV.2.1 Compressive strength correction factor for 50 x 50 x 50 mm mortar cubes
It is well established that for a specific concrete material under compression loading, as 
the specimens size increases the recorded strength decreases (Neville, 1956). As the 
current work involved testing both 50 mm and 100 mm cubes it was necessary for 
purposes of comparison to determine the relationships between the two strengths and 
apply a correction factor in order to determine the equivalent strength. A correction 
factor was determined by dividing the average strength (w/b ratio 0.5) of six 50 x 50 x 
50 mm cubes and six 100 x 100 x 100 mm cubes, as presented graphically in Figure 
IV.6 (numerically in Table IV.3), of the same standard mortar (moist cured for 14 days 
and then transferred to water for 14 days) exposed to water for 28 days.
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Materials and experimental methodology Appendix IV
34
34 35 36 37 38 39 
Compressive strength of 100 x 100 x 100 mm mortar cubes
Figure IV.6 Strength of 100 x 100 x 100 mm mortar cubes verses strength of 50 X 
50 x 50 mm mortar cubes at w/b ratio of 0.5
A correction factor of 0.98 was applied to the 50 x 50 x 50 mm mortar cubes strength to 
account for the effect of size on strength and to make them equivalent to the 100 x 100 x 
100 mm cube strength values. Table IV.3 shows the compressive strength data for 50 x 
50 x 50 mm and 100 x 100 x 100 mm mortar cubes and the average correction factor.
Table IV.3 Strength of 100 x 100 x 100 mm and 50 X 50 x 50 mm mortar cubes
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APPENDIX V
PHYSICAL PROPERTIES
ion, pore development and chemical resistance of MK-PFA-PC blends
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Physical properties Appendix V
APPENDIX V: PHYSICAL PROPERTIES
V.I Hydra tion
V.I.I Standard consistence and setting times
The methodology used for standard consistence is identical to that used in the main text 
in Chapter 3. An average of two tests for each standard consistence value, and each 
initial and final setting time was recorded for each binary and ternary paste as shown in 
Table V.I.















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Physical properties Appendix V
Similar binder compositions were used to establish the rates of heat evolution and the 
heats of hydration of the pastes.
V.1.2 Rates of heat of evolution and heat of hydration of paste at a w/b ratio of 0.5
The methodology used for initial and final setting time is identical to that used in the 
main text in Chapter 3. Data for the changes in the rates of heat evolution ternary for 
pastes with 20% and 40% replacement levels of PC with MK-PFA are presented in 
Figures V.I (a) and V.2(a). The data for two further replacement levels, 10% and 30%, 
of PC with MK-PFA are shown in the main text. Also the heats of hydration for the 
paste with ternary 10% and 30% replacement levels of PC with MK-PFA are shown in 
Figures V.3(a) and V.4(a). The data for two further replacement levels, 20% and 40%, 
of PC with MK-PFA are shown in the main text. The averages of two tests were 
recorded for each binary MK-PC and PFA-PC and ternary MK-PFA-PC paste and are 
presented in Tables V.2 and V.3 respectively.
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(a)






___ PC —— 0% MK-OT6 PFA 5% MK-1546 PFA 
__ 10% NK-KHt PFA — 15%NK-5% PFA 2QV> WK-OH PFA
6 12 18 24
30 36 
Time (hours)
Figure V.I Rates of heat evolution of ternary pastes with 20%replacement level of 
PC with MK-PFA indicated by (b) first and (c) second peaks
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(a)
—— PC —— OH MK-AO* PFA 5% UK-35% PFA
—— 10HMK-30SPFA —— 15%MK-25% PFA 2O%UK-2O%PFA
12 18 24 30 42 48 54 60
(b) First peak
(c) Second peak
——— PC —- 0% MK-40% PFA 5% MK-35% PFA




- 0% 1*1-40% PFA 5% MK-35W PFA 




Figure V.2 Rates of heat evolution of ternary pastes with 40%replacement level of 
PC with MK-PFA, indicated by (b) first and (c) second peaks
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(a)
—— PC ——0%HIK-10%PFA 5%M<-5%PFA ——10%M<-0%PFA
12 24 36 48 60 72 64 96 106 120
(b) Early hydration









12 24 36 46 60
72 
71m. (hours)
Figure V.3 Heats of hydration of ternary pastes with 10%replacement level of PC
with MK-PFA







—— PC —— 0% MC-30% PFA 5% MC-25% PFA
—— 10* MC-20% PFA —— 15% MK-15% PFA —— 20% MC-10% PFA
24 36 72 84
- PC —— 0% MK-30% PFA 5% Mt-2S% PFA











Figure V.4 Heats of hydration of ternary pastes with 30%replacement level of PC
with MK-PFA
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APPENDIX VI
PERFORMANCE / DURABILITY IN WATER, SODIUM 
SULPHATE SOLUTION AND SYNTHETIC SEAWATER
Hydration, pore development and chemical resistance of MK-PFA-PC blends 315
Performance / durability in water, sodium sulphate solution and synthetic seawater Appendix VI
APPENDIX VI: PERFORMANCE / DURABILITY IN WATER, 
SODIUM SULPHATE SOLUTION AND SYNTHETIC SEAWATER
VI. 1 Supplementary graphical data for the Strength of binary and ternary 
mortars
MK / PFA / PC blends + Sand + Water
H.
Mortar compacted in 
moulds on vibrating 
table and covered 
with cling film
Cubes demoulded 
after 24 hours and 
wrapped in cling film
Cubes are moist 
cured for 14 days in 
a closed container 
with water in the 
j bottom to ensure 
near 100% relative
100 x 100 x 100 mm cube 50 x 50 x 50 mm cube
humidity
Mixer
(a) Cubes are tested at 28, 90, 365 and 
730 days which have been cured in water
(b) Cubes are tested at 28, 90, 180, 365, 
548 and 730 days which have been 
exposed to sulphate solution or seawater
Density of mortar is measured before the 
compressive strength tests are completed
Compression strength tests are done on 
Avery-Denison compression-testing 
machine
(b) Exposure to sulphate solution 
and seawater
Figure VL1 Sample preparation of mortar cubes and exposure to various
conditions for up to 730 days
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Performance / durability in water, sodium sulphate solution and synthetic seawater Appendix VI
Figure VI. 1 shows sample preparation and exposure of binary and ternary mortar cubes. 
The strengths of the hardened mortar cubes at w/b ratio of 0.5 were measured according 
to BS 1881: part 116: 1983. The compressive strength tests were carried out on an 
Avery-Denison compression-testing machine. An average of two 100 x 100 x 100 mm 
mortar cube strength values were recorded for specimens exposed to water and for 
specimens exposed to sulphate solution and synthetic seawater an average of two 50 x 
50 x 50 mm mortar cube strength values were recorded. Strength development data for 
cubes exposed to sodium sulphate solution (Figure VI.2) and seawater (Figure VI.3) are 
reported here for 180 and 548 days. Data points represent an average strength of two 50 
x 50 x 50 mm mortar cubes. Also strength development for four further exposure times 
(28, 90, 365 and 730 days) of mortar cubes are shown in the main text. In addition 
strength development of mortar cubes at a w/b ratio of 0.6 exposed to sodium sulphate 
solution (Figure VI.4) and seawater (Figure VI.5) are given for 90, 180 and 548 days. 
Three further exposure times (28, 365 and 730 days) for the mortar are shown in the 
main text. The numerical data are shown in Tables VI. 1 to VI.5.
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VI.1.1 Graphical presentations of strength data of ternary MK-PFA-PC mortars 




-10 —»— 20 —*— 30 -x- 40 (%) total replacement level (MK + PFA)
10 15 20 25 30 35 40 
PFA replacement levels (%)
10 — »— 20 -A— 30 -X- 40 (%) total replacement level (MK + PFA)
20
PC control
0 5 10 15 20 25 30 35 40
PFA replacement levels (%)
Figure VI.2 Strength of ternary MK-PFA-PC mortar versus PFA replacement 
level at a w/b ratio of 0.5 exposed to sodium sulphate solution for 180 and 548 days
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180 days
548 days
i10 » 20 A 30 x 40 (%) total replacement level (MK + PFA)
10
5 10 15 20 25 30 35 40 
PFA replacement levels (%)
110 » 20 A 30 x 40 (%) total replacement level (MK + PFA)
0 5 10 15 20 25 30 35 40 
PFA replacement levels (%)
Figure VI.3 Strength of ternary MK-PFA-PC mortar versus PFA replacement 
level at a w/b ratio of 0.5 exposed to synthetic seawater for 180 and 548 days
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- 10 —•— 20 —*— 30 —x— 40 (%) total replacerrent level (MK + PFA)
10
10 15 20 25 30 35 40 
PFA replacement levels (%)
-10 —•—20 —*—30 —X— 40 (%) total replacement level (MK + PFA)
70
20
5 10 15 20 25 30 35 4( 
PFA replacement levels (%)





10 15 20 25 30 
PFA replacement levels (%)
35 40
Figure VI.4 Strength of ternary MK-PFA-PC mortar versus PFA replacement 
level at a w/b ratio of 0.6 exposed to sodium sulphate solution for 90,180 and 548
days
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90 days
1 10 » 20 A 30 x 40 (%) total replacement level (MK + PFA)
180 days
548 days
10 15 20 25 30 
PFA replacement levels (%)
35 40
10 »20 A 30 x 40 (%) total replacement level (MK + PFA)
10 15 20 25 30 
PFA replacement levels (%)
35 40






10 15 20 25 30 
PFA replacement levels (%)
35 40
Figure VI.5 Strength of ternary MK-PFA-PC mortar versus PFA replacement 
level at a w/b ratio of 0.6 exposed to synthetic seawater for 90,180 and 548 days
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VI.1.2 Compendium of the numerical strength data for mortar cubes exposed to 
water, sodium sulphate solution and synthetic seawater
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VI.2 Density of mortar
Density data for binary and ternary mortars were collected before the compressive 
strength tests were completed. The recorded binary and ternary mortar density data 
were used for monitoring consistency of the hardened mortar. An average density of 
two 100 x 100 x 100 mm mortar cubes was recorded for each data point for specimens 
exposed to water, and for specimens exposed to sodium sulphate solution and synthetic 
seawater an average density of two 50x50x50 mm mortar cubes was recorded for 
each data point. Density data for PC mortar at various w/b ratios, binary MK-PC, PFA- 
PC, GPFA-PC (Appendix II) and ternary MK-PFA-PC mortar at w/b ratios of 0.5 and 
0.6 moist cured for 14 days then exposed to water, sodium sulphate solution and 
seawater for up to 730 days are presented in Tables VI.6 to VI. 10.
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VI.3 Expansion and weight change in sodium sulphate solution and synthetic 
seawater
Binary 20 x 20 x 160 mm blended mortar bar specimens at a w/b ratio of 0.5 were moist 
cured for 14 days and then exposed to water (control specimen results not presented), 
sulphate solution and seawater for 120 weeks. Also binary 20 x 20 x 160 mm blended 
mortar bar specimens at a w/b ratios of 0.6 were moist cured for 14 days and then 
exposed to water (control specimen results not presented) sulphate solution and 
seawater for 104 weeks (the shorter exposure period for the latter was imposed due to 
time constraints). Expansion and weight change measurements of the mortar were 
taken every 4 to 6 weeks to assess the durability of the binary and ternary mortar in 
aggressive environments. Solutions were changed at intervals of 28 days. The 
expansion and weight change data for PC mortar (w/b ratios 0.4, 0.5 and 0.6) and binary 
MK-PC (w/b ratios 0.5 and 0.6), PFA-PC (w/b ratios 0.5 and 0.6) and ternary MK-PFA- 
PC blended mortars are presented in Tables VI. 11 to VI.36. The rate of expansion with 
respect to weight change graphs for PC is presented in the main text. Binary GPFA-PC 
blended mortar data are presented in Chapter 6 and Appendix II.
VI.3.1 Compendium of numerical expansion data for PC mortar blends exposed to 
sodium sulphate solution and to synthetic seawater
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Performance / durability in seawater, sulphate solution and water Appendix VI
VI.3.2 Compendium of the numerical weight change data for mortar bars exposed 
to sodium sulphate solution and to synthetic seawater
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Performance / durability in water, sodium sulphate solution and synthetic seawater Appendix VI
VI.4 Sorptivity
The mortar at w/b ratio of 0.5 was first moist cured for 14 days and then exposed to 
water, sulphate solution and seawater. The methodology for the preparation of mortar 
disks used for sorptivity is presented in the main text (Chapter 3). Each sorptivity value 
is an average from two 75 x 30 mm disks. The sorptivity data for binary MK-PC, PFA- 
PC and GPFA-PC (Chapter 6) mortars and ternary MK-PFA-PC mortars are presented 
in Tables VI.37 and VI.38 respectively. Plots of these data are presented in the main 
text (Chapter 5).
VI.4.1 Compendium of numerical sorptivity data for mortar exposed to water, 
sodium sulphate solution and to synthetic seawater
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VI.5 Total cumulative pore volume and threshold radius of paste blends
The changes in total cumulative pore volume of the PC (control) paste at various w/b 
ratios, the binary MK-PC (10, 15 and 20%), PFA-PC (10 and 40%), and the ternary 
MK-PFA-PC (40% total replacement level) pastes at a w/b ratio of 0.4 and the ternary 
MK-PFA-PC (40% total replacement level) pastes at a w/b ratio of 0.5 are shown in 
Figures VI. 1 to VI.3 and Tables VI.39 to VI.41. The PC (control) paste, the binary and 
ternary PC pastes were exposed to water, sodium sulphate solution and synthetic 
seawater for 28 and 548 days. The threshold radius data for those specimens are 
presented in the main text and in Tables VI.42 to VI.44. The variation in data could be 
attributed to poor compaction of the paste in the moulds and/or lack of water required 
for the hydration process. This is due to moist curing being carried out, after de- 
moulding of the paste cubes, for up to 14 days.
VI.5.1 Supplementary graphical data for total cumulative pore volume of binary 
and ternary paste
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Figure VL6 Total cumulative pore volume of PC control at various w/b ratios 
under various exposure conditions for 28 and 548 days
Hydration, pore development and chemical resistance of MK-PFA-PC blends 363
Performance / durability in water, sodium sulphate solution and synthetic seawater Appendix VI
(a)MK





















28 days 548 days 
Water
28 days 548 days
Sodium sulphate 
solution
28 days 548 days 
Synthetic seawater
I(PC)0 010 I 40 (%) PFA replacement level
28 days 548 days 
Water
28 days 548 days
Sodium sulphate 
solution
28 days 548 days 
Synthetic seawater
Figure VI.7 Total cumulative pore volume of binary MK-PC and PFA -PC pastes 
at a w/b ratio of 0.4 under various exposure conditions for 28 and 548 days
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Figure VL8 Total cumulative pore volume of ternary MK-PFA-PC pastes with PC 
replacement level of 40% at w/b ratio of (a) 0.4 and (b) 0.5 under various exposure
conditions for 28 and 548 days
VI.5.2 Compendium of numerical total cumulative pore volume data for paste 
exposed to water, sodium sulphate solution and to synthetic seawater for up 
to 548 days
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VI.5.3 Compendium of numerical threshold radius data for paste exposed to 
water, sodium sulphate solution and to synthetic seawater for up to 548 days
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